M )‘

NASA TR R-102

7 JAN 10NO2 13233 .

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

TECHNICAL REPORT
R-102

AN ANALYSIS OF ERRORS AND REQUIREMENTS OF AN
OPTICAL GUIDANCE TECHNIQUE FOR APPROACHES
TO ATMOSPHERIC ENTRY WITH
INTERPLANETARY VEHICLES

By DAVID P. HARRY, III, and ALAN L. FRIEDLANDER

1961

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington 25, D.C. Yearly subscription, $15; forelgn §19;
single copy price varies according toslze -« » - - - - -« Price 65 cents







TECHNICAL REPORT R-102

AN ANALYSIS OF ERRORS AND REQUIREMENTS OF AN
OPTICAL GUIDANCE TECHNIQUE FOR APPROACHES
TO ATMOSPHERIC ENTRY WITH
INTERPLANETARY VEHICLES

By DAVID P. HARRY, III, and ALAN L. FRIEDLANDER

Lewis Research Center
Cleveland, Ohio







CONTENTS

Page
SUMMARY e 1
INTRODUCTION o e 1
ANALY SIS il i e 3
Trajectory Relations _______ . oo oooo- 3
Nondimensional Units _ - oo oo 3
Target of guidance_ .. oo 3
Corrective MANCUVOTS . - oo oo ool e . 4
Trajectory Determination - 5
AMensurement seheme L e o 5
Data-reduction techniques. o - 7
Frror Sensitivity in Trajectory Determination. ..o 8
Basie measurement sensitivity . oo o 8
Variation in basic measurement sensitivity with perigee ... 11
Variation in basic measurement sensitivity with trajectory energy_. .- 13
Fffects of redundant dada. . - oo 13
Guidance Togic e o 13
Data-sampling rate - e 16
Correetion 10gIe . - - - oo R 17
Limitations on veloeity inerements_ .- [ - 19
Computational Methods _ . 19
STATISTICAL PERFORMANCE FEVALUATION . o oo 20
Referenee CAase - o o o oo oo 21
Assumed input to reference case_ . .. oo 21
Results of reference ease_ oo~ e 22
Effeets of Guidance Togie o oo oo - 25
Data-sampling rate oo - 25
Dead band and damping . .- . oo 26
Requirements on System Components______ ... . . 28
Sizing of propulsion deviees. o o= R 28
Accuraey requirements for correetive maneuvers. .o e 30
Computation-speed requirements__ oo . 32
Effeet of Error, Target, and Trajectory Assumplions. ..o - 33
Tffeets of initial errors infrajectory_______.———=  —------ 34
Tffeets of entry-corridor 81ze- o oo oo 35
Tiffeets of energy and instrument seeuraey . oo~ o 36
CONCLUDING REMARKS i e - 37
APPENDIXES
A =SYMBOLS e 39
B ANALYSIS OF TRAJECTORY MODIFICATION o - 11
C COMPUTATION OF RANGE AXND ANGULAR ROTATION TROM
BASIC MEASUREAENTS e 46
D DETAILS OF COMPUTATION METHOD ___ - 48
F—LEAST-SQUARTES DATA REDUCTION . coooio——- 51
F-SENSITIVITY OF TRAJECTORY DETERMINATION TO IRRORS
IN BASIC MEASURTMIENTS i 56
REFERTEN OIS o o o o e 68
TABLES
I ~APPRONIMATE CONSTANTS FOR COXNVERTING NONDIMIN-
STONAL TO REAL UNITS . e eeem e = 3
T ASSUMED INPUT TO REFERENCE CASE o et 21






TECHNICAL REPORT R-102

AN ANALYSIS OF ERRORS AND REQUIREMVENTS OF AN OPTICAL GUIDANCE
TECHNIQUE FOR APPROACHES TO ATMOSPHERIC ENTRY
WITH INTERPLANETARY VEHICLES

By Davip P. Hakry, ITT, and Avan L. FRIEDLANDER

SUMMARY

An analysis of guidance-system performance and
requirements for the control of interplanetary rehicles
approaching an entry corridor or grazing pass of any
planet is presented. <L measurement scheme based
on a clock and optical instruments (to obtain trajec-
tory knowledge) and inertial instruments (fo measure
corrective maneuvers) is hypothesized and could be
a self-contained system.  Frrors in «ll measuremen's
and control action arce considered, and the effects of
uncertainties in planet terrain or size are studied.
The feasibility study is characterized by two-body
hyperbolic trajectories and entry corridors specified
only in terms of altitude and direction of rotation.
A range of entry velocities from about parabolic to
twice parabolic s considered.

A multiple-correction, but mot continuous, control
technique based on the variance in trajectory elements
and ineluding the effects of pust history is Sound
capable of performing the entry approach. For ex-
ample, with instrument errors of 40-second-arc
standard deviation, the vehicle can be guided to
entry corridors slightly larger than the minimum
limit due to the uncertainty in planct terrain at a
relocity-increment cost chargeable to the system of 1
percent of entry velocity.

Definttion of the uncertainties in planet terrain s
beyond the scope of this analysis, but the effects on
the system are predictable.  Since the velocity-
inerement cost of correeting the residual errors in
mideourse guidance causes large uncertainties in the
total relocity-increment requirements, the tradeoff
eriteria between midcourse residual errors and
velocity-increment costs are investigated.

Eraluations of guidance-system performance are
obtained by simulating the system on a digital com-
puter using Monte Carlo techniques of statistical

analysis. System requirements consistent with the
demands of manned interplanetary missions are
interpreted as the worst probable requirements, and
the probability of success is predicted using extremnc-

valiue statistics.
INTRODUCTION

Tt has become generally accepted that launch
guidance is insufficient to perform interplanetary
missions without some later corrections.  The
problems of navigation and control associated with
determining and executing these corrections ean
be considered in several groups, after launch:

(1) Post-injection corrections place the vehiele
on a desired departure trajectory.

(2) Mideourse mancuvers correct the trajectory
to intercept the target planct.

(3) Homing, approach, or terminal corrections
ostablish the desired arrival trajectory at the
destination planet.

This study is concerned with guidance of the
approach phases of interplanetary missions; that
is, guidance in the region from about the sphere
of influence of a target planct down to the sensible
atmosphere.  The time elapsed during the ap-
proach phase may vary [rom 12 hours te several
days, depending on mission veloeity. This period
of coasting flight is interrupted only at disercete
intervals where thrust is used to modify the tra-
jectory toward the desired target. The require-
ments for an integrated navigation-control system
o be used in executing an approach to atmos-
pherie entry or a grazing pass of the planet are
analyzed.

It has been shown in reference 1 that entry
from high-energy trajectorics is acrodynamically
feasible and thal weight savings relative to the
use of retrotbrust can be substantial. The ac-

1
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curacy requirements for entry, however, are
exacting, TFor example, to enter the Earth’s
atmosphere lrom a parabolic approach trajectory
allowing 10-g maximum  deceleration rate, the
targetl tolerance with a lifting vehiele modulated
(schieduled  variation) to a maximum lift-drag
ratio of 1 is £33 miles, and with a buallistic
vehiele the toleranee 1s 4:3.5 miles.

Aceuraey in guiding to an entry corridor must
be accomplished using real instrumentation; that
is, measurenients subject to finite errors, In
general, errors in initial trajectory and uncertain-
ties in planet size or terrain must be considered.
Also, the vehicle must execute corrective maneu-
vers using imperfect controls and sensors.

All vehieles must be guided to within specified
entry corridors, and high success probability will

be demanded for manned misstons.  Represent-
ative design  eriteria, such as propellant  re-
quirements, result when the worst probable

circumstances are considered.

Missions to planets sueh us Venus or Muars, as
well as a return to Earth, are of primary interest.
As a result, a fully vehicle-contained navigation
svstem is hypothesized that uses only a clock and
optical Instruments to obtain trajectory informa-
tion. Control and measurement of corrective
mancuvers by inertial Instruments, possibly accel-
cromelers atd gyvroscopes, are assumed,

The primary (rajectory knowledge, then, is
obtained from two range observations, an inere-
ment of rotation about the target planet, and an
increment of time.  The scheme is characterized
as an [, 1, Ae,Ar scheme. Previous, but
comprehensive, analyses of other schemes have
been reported.  The use of range, range rate,
and the rate of angular rotation about the target
planet (ref. 2) might represent instrumentation
such as radar or radio aud a gvroscopically
stubilized reference direction,  This might be
characterized as an 2,8 scheme. Since the
acceuracy ol this scheme depends Iargely on the
rale 4, errors inerease at long range as the angular
rate becomes very small.  Also briefly considered
in reference 2 18 a scheme based on the radar
determination of range and range rate al {wo
successive points, an IR, 1%, R, scheme, which
is not directly capable of determining the orienta-
tion of the orbit and may, in addition, require
large power supplies.  Another scheme using
successive range and angular-position measure-

less

ments (rel. 3} might represent an optical system
with a planet seanner and star tracker, and is
characterized as an Iy,¢, 0,60, R5,05, or 3(12,0)
scheme.  Though no rates are used, accuracy is
dependent on  second differences in measured
quantities.  The scheme herein (R, 1, Ag, A7) is
based on finite first differences and has advantages
in the accuracy of trajectory determination.
Consecuently, more eflicient guidance is possible.

Of particular concern hercin is evaluation of
mteractions between various component systems
related to the overall guidance syvstem.  Where
feasible, these component requirements are mini-
mized, so that the complexity, cost, and weight
can be reduced and/or the reliability inereased.
The design of components is considered only to
the extent that a model for the functional form of
errors and their effect on guidanee can be evalu-
ated.  Sinee it 1s desired to determine minimal
component requirements, eonsiderable importance
is placed on the logic of interpreting and acling
on relatively poor knowledge. A [airly sophisti-
cated guidance logic is developed to utilize the
available data derived from instruments of reduced
performance capability.

The assumed guidance system is synthesized
on a digital computer using {wo-body conic
trajectories and a two-dimensional analysis. The
performance of the system is evaluated with
Monte Carlo techniques; that is, by statistical
mterpretation of results of many random approach
“runs.” The analysis was condueted at the NASA
Tewis Researeh Center, and some results have
been presented in referenee 4.

Muany factors beyvond the scope of this analysis
would enter into a specific mission study. Results
are presented herein to llustrate the feasibility
of the guidance system to perform the approach
to entry, and to determine approxinmate guidanee-
system and  propellant  requirements.  Where
stringent component requirements are determined,
the needs for additional researeh or development
are pointed out.

Tradeofl criterin between guidance accuracy

and entry-corridor tolerance are shown with
respeet o guidance-system requirements.  The

costs of initial errors in trajectory are shown to
Hlustrate the costs of inaccuracies in the mid-
course guidance system, and the effeets of mission
energy level are presented.  All results are shown
in nondimensional units valid for any planet. A
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sample of the optimization of guidance logic is
shown, and the calculation methods are shown in
detail in appendixes.

ANALYSIS

Results to be presented represent evaluation of
an integrated mnavigatien and control system
hypothesized to guide an interplanetary vchicle
to a corridor that will permit safe entry. Tn the
following analysis the two-body trajectory rela-
tions in nondimensional form are considered first,
and the target of guidance is defined.  The
{echniques of correcting trajectory crrors are
deseribed hriefly.

The second scetion of analysis considers the
measurement seheme used in trajectory determi-
nation and the teehniques of data reduction,
including  discussion  of advantages and dis-
advantages. The error sensitivity of the system
to crrors in measurement instruments is then
considered, and the effects of mission energy and
initial errors in trajectery and the use of redundant
data are illustrated.

The logic of acting on measured data, inctuding
significant errors, is considered with the objective
of roducing total propellant requirements, in-
creasing the tolerance to errors in component
systems, deercasing the number ol corrective
manecuvers, and assuring simultancously a safe
entry.  Finally, the techniques of simulating
vehicles on a digital computer and evaluating
performance by Monte C'arlo methods of statistical
inferenee are described.,

TRAJECTORY RELATIONS

The range of interest is restricted to within the
sphere of influence of the target planet but above
its sensible atmosphere, and two-body conic
trajectories (specifically, hyperbolas) are assumed.
Governing equations can be expressed as laws of
conservation of energy and angular momentum
(refs. 5 and 6). The total energy (per unit mass)
is the kinetie energy plus the potential energy,
and the angular momentum is the product of
cireumferentinl velocity and the distance from the
origin at the center of the planet:

h=r(rcos¥y) 2

TOR APPROACHES TO ATMOSPHERIC ENTRY 3

Symbols are defined in appendix A.
Nondimensional units.—The nondimensional
units used herein are based on the radius of the
planet and the parabolic escape velocity at the
surface. These constanis are noted in table T for

TABLET. -APPROXIMATE CONSTANTS FOR CON-
VERTING NONDIMENSTONAL TO REAT UNITS

Parameter ! Earth Venus l Afars
- |
Distance (radius), miles (Tnt. :{ 3,960 3,750 1 2,108
naut. miles) . o oo ~4, 000 (~3,250) ~2,100
(~3, 500) O )
i Escape velocity, ftfsee oo 36,700 34,400 17,100
i Time, min Tt R i 9.45 | 9.6 10.9
i Acceleration, fijsec? o __ 3. 50.7 26.1
i y U H
l , : 1 |

planets of current or probable future interest, and

the same nondimensional scheme is used in
references 2 aud 3. Then,
2
2 GM
&=0=5— 3)
2 7 (
Defining now,
,
RE)'
[
: @)
==
Ty

so that range R is measured in radii from the center
of the planet, and velocity ¥ in escape velocities.
Working equations become, with the notation of
figure 1,

1
o I e St 5
‘ v R )
1151‘]‘ =RVy=R{(V cos¥y) (6)

Tn general, upper-case (capital) letters refer to
nondimensional units, and lower-case symbols
refer to the same variable in real units such as
miles, seconds, and so forth. All conversion
factors can be derived as functions of the planet
radius and escape velocity. This nondimensional
system ol units permits analysis valid for any
planet. Results of this analysis are not valid for
Aoon approaches, since the range used in numer-
ical evaluation is less than the range of valid
{wo-body assumptions.

Target of guidance. —The target of the approach
guidance problem considered is asafe atmospheric
entry or grazing pass of the plancet. Reference 1
shows the relation between an entry corridor and
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Range, A--~.__ __---Path angle, ¥

L~Velocity, V

Radicl component
of velocity, -~

W= R--"" ~==-Circumferentio!

component of |
velocity, by = 78

Piagnet radius-,
Ry =1

Perigee range, P—-""

74 Inertial reference
7\ direction

Frovre 1.— Trujectory notation.

the perigee (R,=1) or the approach trajectory
that would result if there were no atinosphere.
As indicated schematically in figure 2, the mean
range ol the two boundary perigees that define a
corridor is used as the target perigee.  The
orientation of the plane of motion is undefined,
but it is of interest to guide the vehicle to the
desired direction of rotation around the planet.

Equations (5) and (6) evaluated at the perigee
where R=7and y—0 become

I | -
]’4:‘/;—1‘, (Oﬂ)
m=\,p ()
so that
L IP 1 .
F 3 ]—7 {I)

and the perigee range can be obtained with the
quadratic equation as

1

P:ﬁ(i\1+4EH'~~l) E#0 ®)
P=1IT? =0

The target perigee I ,, is assumed to be 1 radius,
or tangent to the surface of the planet. The effeet
of variation in target perigee is shown in reference
2 and also will be considered briefly herein.

Corrective maneuvers. —Velocity increments
AT required for trajectory modification will be
considered representative of propellant expendi-
ture.  In nondimensional units, AV is measured in
escape veloeities.

Discussion of corrective maneuvers and the
derivation of error relations are treated in appendix
B, where (1) the method of determining  the
desired AV is shown and the basie cost of idealized
maneuvers is illustrated, (2) a measurement
scheme is hypothesized and the effect of measure-
ment errors on the vehicle’s knowledge of orbital
clements is presenied, and (3) the effects of
mexact control devices are considered.

The major assumptions introduced in appendix
B are summarized as follows:

(1) Corrective maneuvers are applied circum-
ferentially (perpendicular to range) in the plane
of motion and are impulsive in effects on trajec-
tory modification.

(2) The effect of finite propulsion devices is
approximated by introducing periods of coasting
flight equivalent to the firing time of fixed aceeler-
ation-rate devices,

(3) Errors in AV measurements are assumed
uncorrelated with control errors. This assump-
tion permits investigation of the effects of reduced
control requirements,

4) Tnstrument ecalibrations, in terms of stand-
ard deviations, are assumed available to the
vehicle,

~—Allowable entry corridor,

% expressed as tolerance in

\ perigee of extrapolated

\ trajectories, AP:R,, A, .

/-Overshoof

Target boundary

perigee, ¢
of corridor,

F;Of

7/

“Range of
sensible
atmosphere

Undershoot ™
boundary--

Freere 2—Fntry corridor and target perigee,
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It will be shown with numerical evaluations
that the performance of the guidance system is
insensitive to errors in corrective maneuvers when
multiple corrections are permitted. The following
conclusions are drawn in appendix B:

(1) The AV for a given trajectory modification
varies as 1/R, and it is concluded that correction
should be made at the maximum feasible range.

(2) The added AV cost ol specilying a given
direction of rotation around the planet is about
0.022 cscape velocity (800 ft/sec) for an entry
velocity of 1.1 escape velocities (40,400 ft/see).
(Parenthetical values represent approximate values
for an approach to Earth throughout this analysis.)

TRAJECTORY DETERMINATION

Tt is not the purpose of this analysis to consider
details of the instrumentation system hypothesized
to supply guidance information to the vehicle.
Tt is essential, however, to specily a system in
sufficient detail to permit realistic evaluation of
the problems, costs, and requirements of approach
guidance. Tmportance is placed on the inter-
action of various vechicle system components for
the purpose of avoiding implied demands on
components not considered. As an example,
requirements for a dynamic attitude control
system during corrective manecuvers might be
implicd by specilying accurate AV control.

The following discussion will illustrate first
the measurement scheme to be analyzed. Then
the data-reduction techniques and the method
of introducing redundant data will be described.
The logic used in acting on measured data and
the basic error sensitivity of the system will not
be considered in this section, but are treated in
subsequent sections.

Measurement scheme.—The measurement
scheme analyzed herein includes a clock and
visual or infrared optical instruments. Range,
the distance from the center of the planet to the
vehicle, is found [rom the apparent size of the
planet by

1
sin (w/2)

(9)

as shown schematically in figure 3. Increments

of vehicle rotation around the planet Ag are

determined from motion of the planet against

the star background as viewed from the vehicle,

or by occultation methods (ref. 7). The stars,

shown behind the planet in two dimensions, could
505488 61——2

Vehicle
i

First observation

Vehicle
!

Star

Second observation

Travre 3.—Schematic sketch of use of apparent size and
oceultation methods in measurement scheme.

also be 180° away behind the vehicle. In the
plane of motion,

Ap=@1—¢2 (10)

Two range determinations, the Ag, and the
time inerement Ar lead to trajectory calculations
similar to “two positions and time of flight”
methods (e.g., ref. 8).

The image created by the hypothetical tele-
scope is shown schematically in figure 4 for two
successive points along an approach trajectory.
Two stars, the minimum number needed to

First ]
observation

Second
observation %

Trorre 4.--Schematic illustration of image created by
hypothetical telescope.
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7 * Star |
Yo A— ——
Vehicle
¥- axis
P S\ )
v — % Star 2
Xmin Ymax Xy Xo

Vehicle x - axis

Trarre 5.—Data to be read from {elescope image showing
minimum of {wo stars.

determine the trajectory in three dimensions,
are shown; but more would be desirable to check
identity in suceessive readings by triangulation.
However, it is not necessary to identify or catalog
specifie stars,

Data scaled from the image are shown in
figure 5 and may be read in some plane velative
to the image, such as the vehiele z-y plane.  The
scale factor must be known, of course, to reluate
distances on the image 1o angular measurements,
Star coordinates and the maximum and minimum
intercepts of the planet in two directions would
be read. Iorrors in measurement are assumed
m the process ol picking (detection) points from
the image.  Thus, both y,e: and ¥,., are subject
to measurement crrors of standard deviation
Geas, ANd s0 forth,

Errors reflect not only the optical system that
creates the image but, more important, errors
in obtaining data from the image. Reduced
accuracy requirements therefore will permit lighter
and more reliable optical systems and also less
complex and more reliable electronic components
associated with the reduction of data Irom the
image.

For the analysis herein it would be unduly
tedious to generate the image and random errors
in reading data from it. The methods by which
these data are caleulated are presented in ap-
pendix €. The assumption is made that the
vehicle has reasonable choice of star positions.
It is then possible to relate the measured values

of range R and angular displacement A¢ to the
actual values along the true trajectory, R, and
Ag,. TFrom appendix C,

.
R: [l)u <I _‘1‘5 ] 6,,“,,,3‘%‘6}?' a)

(an
Ap=Ap,+ Al §6mms

The error in planet size or the planet surface
radius 8z, is included to take into acecount
planet terrain or surface definition uncertainties.

The variance of these values is shown in appen-
dix C to be

(12)

where calibration of the instruments is again
assumed by the use of opmen.  Uncertainties
in planet size and optical definition of the planct
surface establish an accuracy limit for the guid-
ance systemy, even with otherwise perfeet systems,
Predictable phenomena such as oblateness, for
example, would not normally be considered an
uncertainty.  Ierein, measured range is used
in computing o, aboard the vehicle (eq. (12)),
while the actual error in range (eq. (11)) is as-
sumed to depend on the actual range.

The method of trajectory determination using
Ry, R:, Ag, and Ar, along with the variances
%% ks Tae And ef is presented in later
scctions. At this point, however, some advan-
tages of using this measurement scheme may be
summarized as follows:

(1) The aceuracy of the attitude control system
is not reflected in the accuracy of the measurement
scheme.  Thus, the requirements for attitude
conttrol result from corrective-mancuver aceuracy
requirecments, which will be shown to be decades
less exacting.  This is contingent on the ability
of the optical device to obtain the image suffi-
ciently fast to allow slight motion of the vehicle,
a problem analogous to that of photographing
moving object.

(2) Data are then obtained in essentially zero
time relative to trajectory times, and the compu-
tational problems associated with range variation
during a single reading are avoided.

—
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(3) Attitude control during coasling periods is
not required. An attitude knowledge, in contrast
to active control, may be useful in avoiding scarch
modes prior 1o data acquisition, and also in per-
mitting consideration of oblateness corrections in
data reduction.

Some potential disadvantages ol the measure-
ment scheme should be noted, but study to evalu-
ate effects is beyond the scope of the present
analysis:

(1) Failure to obtain the same pair of stars in
successive readings may, alter failure of a search,
result in loss of data for periods of the approach.

(2) The apparent size of the planet varies from
minutes of are to 180° during approach, and the
use of several lens systems may be required.

(3) Problems associated with obtaining datla
from the image are not analyzed.

Data-reduction techniques. -The simultancous
equations that must be solved to determine the
orbital clements can be expressed in two dimen-
sions as

AT-‘E_Tg'J,i—TgU,T:O 3
} (13)

Ae+0,—8=0 J
where 7., 1s the time to perigee passage, a function
ol range and two orbital elements such as perigee
P and energy fZ. Equations are shown in ap-
pendix D. True anomaly 8, or the angular dis-
placement from the perigee, 1s also a function of
P, E, and 2. Equations (13) express the condi-
tions that the measured inerements of angular
displacement and time agree with the increments
aleulated from range and orbital clements.  In

functional notation consistent with the Teast-
squares adjustment to be used,
F P ER, R, A70)=0
(14)

F_](P)E)Rg,R:,O,A@‘):OJ

Literature on least-squares methods is extensive
(c.g., vels. 9 and 10). The development shown in
appendix E is that of reference T1.

To solve for unknown values of the orbital
clements, I and £, the clements are interpreted
as unknown parameters in the least-squares sola-
tion. Thus, the pair (or “set’”) of equations is
uniquely  determined  (two  equations and two
unknowns), and no adjustment of the observalions

FOR APPROACHES TO ATMOSPHERIC ENTRY 7

(R, R, A7, Ag) is made. The least-squares
reduction is, in a sense, & method used to expedite
convergence of the iterative solution, a particu-
larly efficient method in that convergence of about
a decade in both unknown parameters is obtained
in cach iteration loop. Simultancously, the ex-
pected  variances of the adjusted parameters
(o2, o%) are computed for use in guidance logic.

In general, however, the vehicle does have some
knowledge of its orbital elements from previous
data reduction, namely, I and F and estimates
o and of. To make use of this knowledge with-
out the noed to re-reduce previous data with new
sets, the orbital clements are treated as observa-
tions, or measurcments. Thus, a history of
vehicle knowledge is propagated using the terms
P, E, o, and o%. The least-squares condition
equations are overdetermined, and there are no
unknown parameters.

The tesults of data reduction are again the
adjusted values P, 15 o%, and o5, but also the ad-
justed values of the other observations, from which
12, and &% , are uscful.

If guidance logic and the results of data reduc-
tion do not cause a corrective action, coasting
flight is continued, the trajectory knowledge is
used in sueccessive data reductions, and so on.
TTowever, il corrective mancuvers are used, the
orbital clements are modified as discussed in
appendix B, and errors in measuring the AT will
add additional uncertainty to the modified cle-
ments.  Assuming that the expected errors in
data reduction are uncorrelated with the errors in
measuring  corrective maneuvers,  the modified
variance is

2 __ .2 + 2
Op=—Op, (data reduction) T O P, (AV measurement) ( )
15

2 2
Oy = 0F, data reduction) _]f“o'l« (AV measurcment)

Trajectory determination, and thus guidance
performanee, is  influenced by inaccuracy in
measuring AT7, but only indirectly by control
crrors, since the accuracy of trajectory knowledge
is not reduced, even though the desired trajectory
may not be attained.

More ecomprehensive methods of using redun-
dapt data are available (e.g., refs. 5 and 8). The
method just deseribed is used Terein 1o maintain
simplicity. The need for compuiational case in
\onte Carlo evaluations is obvious. The use of
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vehicle-contained computers, however, ulso makes
simplicity desirable to reduce complexity and
calculation-speed requirements. Where  signifi-
cant weight reduction may not be possible, the
gains probably would be attained in reliability
(ref. 12),

As indicated in discussion of the costs of cor-
rective maneuvers (appendix B), it is desirable to
improve the trajectory at as long a range as pos-
sible; and with this method of using redundant
data, corrective action can be taken after each
inerement of coasting flight.

Additional considerations on the data-reduction
methods are presented in the next section in
relation to the error sensitivity of the measurement
scheme.

ERROR SENSITIVITY IN TRAJECTORY DETERMINATION

The basic sensitivity of data reduction and tra-
jectory determination to errors in measurement
reflects directly on the ability of the system to
perform the approach guidance mission. Conse-
quently, error sensitivity will be considered in
some detail.

The terms of the coefficient matrix of the
linearized condition equations (appendix D, cgs.
(D27)) can be solved algebraically for error
cocflicients, such as dP/OR. Considerable effort
is required, however, and the resulting terms are
sufficiently complex that numerical evaluation is
necessary before trends are apparent.  Also, since
it is desired to investigate the effects of several
errors simuitancously, the least-squares solution
used in simulation of data reduction is also used
to evaluate crror sensitivity.

The sensitivity of the measurement scheme to
errors will be expressed as the standard deviation
of the orbital elements, ¢p and og.  The eaution
generally exercised in interpreting linearized error
cocflicients multiplied by errors is warranted here,
since the mechanies are identical.  The lineariza-
tion and use of expected errors are the same as
hypothesized in data reduction, however, so that
the standard deviations represent the expected
errors computed during data reduction aboard a
vehicle. Note that the true or actual error in
readings does not directly influence the expected
error, since the expeeted standard deviations from
calibration of instruments are used in computa-
tion. TIndirectly, though, large variation may be
anticipated beeause real errors cause changes in

the nominal point about which linearization is
made.

The expected errors in perigee and energy de-
termination, due to assumed measurement errors
and the planet terrain uncertainties, are con-
sidered first, followed by illustration of the effects
of trajectory encrgy level and initial perigee.
Finally, the effects on trajectory determination of
using redundant data and the effects of errors in
corrective maneuvers are considered briefly,

The effects of individual component accuracy
on the overall accuracy in trajectory determina-
tion are presented in appendix F in terms of error
coefficients. The major results can be summarized
as follows:

(1) With errors of the relative size considered
herein, errors in time measurement have insignifi-
cant effect relative to other errors.

(2) The measurement scheme considered herein
utilizes a common image in observing range
(vector) and star positions. If, in contrast,
separate instruments are assumed, the error sen-
sitivity due to planet observations is about equal
to that due to star-position observations. In a
qualitative sense, the results presented could be
mterpreted for a system using a gvroscopicreference
direction, but quantitative results may differ
significantly.

(3) The uncertainties in planct size or terrain
contribute significant error at short range that for
the measurement scheme herein is a physical
Limitation to guidance accuracy rather than an
instrument accuracy problem. Consideration
leading to the assumption of oz ,=0.0002 radius
(0.8 mile, 0.7 Int. naut. mile) as a representative
value for analysis purposes is discussed in appendix
F.

Basic measurement sensitivity.—The standard
deviations in perigee and cnergy determination,
ap and oy, are shown in figure 6 as functions of the
range increment between readings, AR-=R,—R,,
for several values of R,. Since the effects of
errors in time, distance, and angles are considered,
specific numerical values are assumed: 0.0002-
radian  (40-scc-are) angular error, 0.01-percent
timing error, and 0.0002-radius (0.8-mile) surface
uncertainty. The sensitivities are illustrated for
a trajectory of 0.2 energy (2,=16,400 [t/scc) and
1 perigee (tangent to the surface), with shaded
arcas to point out the combinations of range and
inerement size AR that are of interest with the
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multiple-correction  guidance  scheme  to be
analyzed. The curves are shown for range R, as
large as 200 radii and errors as large as 10 radii for
completeness, but  two-body assumptions and
linearization have doubtful validity at these
extremes.

The expected error in perigee determination is
shown in figure 6(a). In the range of interest,
op varies from 0.0005 radius (2 miles, 1.7 Int. naut.
miles) for R,=1.2 radii and AR=1 radius, to 0.23
radius (920 miles, 800 Tnt. naut. miles) for R,=100
and AR=10 radii. The variation in accuracy
along a probable trajectory is then about 460 to 1.
At Tong range, the increment size for maximum
gecuracy is approximately the same as the range
R,. At short range, the optimum inerement s1z¢
for a single nerement is 2 or 3 times R, Shorter
than optimum increments are used in multiple-
correction  schemes, primarily  because of the
influence of redundant data and the increasing
cost of correction as IR, deereases.

The standard deviation of energy determination
is illustrated in figure 6(b). Tn the range of
interest, oy varies from 0.0007 (equivalent to an
uncertainty in hyperbolic veloeity ol 97 ft/sce)
with R,=1.2 radii and AR=1 radius, to 0.065
(9000 ft/sec) with R,=100 and AR=10 radii.
The optimum step size is roughly the final range
R., or R;=R,/2, so that steps about half the dis-
tance from the initial range to the center of the
planet result in maximum accuracy.

The errors in energy using the measurement
scheme of this analysis are significantly larger than
those ol other systems, such as the range, range-
rate, and angular-rate scheme of reference 2.
This, however, does not constitute a difficulty in
guidance, since the energy is not intentionally
varied or controlled during the approach, and the
entry vehiele is not sensitive to small variation in
cnergy and thus entry velocity (ref. 1). More
important, though, op for the subject scheme
varies much less with range than op for the
R ,R,6 scheme, where the variation from 100 to 1.2
radii is 20,000:1 relative to the 460:1 of figure
6(a). At short range, the two schemes are of the
same order in accuracy capability, but a more
precise comparison than decades requires assump-
tion of details not of interest here.  On the other
hand, at long range, the Ry, R. At,Ap measurement
scheme is clearly decades more precise than the
R,1 6 scheme. This is reflected in the ability to

guide close to the target perigee at long range and
thus require less corrective AV.  Note, however,
that compulational complexity is significantly
increased by the use of time increments in data
reduction.

The foregoing results were presented for a
particular trajectory, I’=1, £=0.2. The cffects
of variation in trajectory cnergy and perigee
are considered next.  The problems duc to lineari-
zation around nominal points indicated by meas-
urements that may vary from the ftrue point
because of errors are pointed out.

Variation in basic measurement sensitivity with
perigee.—The indicated and true perigee will
generally differ from the target perigee, herein
assumed as 1 radius. The variation of op for
several range values and increment sizes 1s shown
in figure 7 as a function of perigee. The energy
of 0.2 and the same measurement errors arc as-
sumed as previously, and the logarithmie repre-
sentation is shown only for the range of interest.
(As R- =P the errors decrease and curves cross, as
shown in ref. 2, but this is considered beyond the
range of interest here.)

The trend of principal interest here is that of
increasing op with perigee. For example, the
error in perigee determination for a trajectory
with P=10 radii is about 5 times that for I’=1
radius. This approximation is almost unaffected
by range R, or increment size AR in the region of
interest.  As a result of the decrease in aceuracy
with increasing perigee, larger errors in trajectory
will cause larger errors in trajectory determination,
so that control is poorer at long range. The AV
cost of control may increase, then, even more than
{he obvious inerease due to larger initial trajectory
errors would indicate.

An order-of-magnitude evaluation of lineariza-
tion can be made as follows, considering for ex-
ample a reading interval of 10 radii ending at

,=100 radii. Il the true perigee were 1 radius,
the standard deviation ep should be about 0.23
radius. Tl readings were such that an error of
+2¢ tesulted, the indicated reading would be
about P=1.5 radii, and o» would be evaluated as
0.27, or about one-fifth too large. Estimating
for R,=100, AR=5, and P=10 radii, the ratio of
indicated to true op is almost 2:1. At short
range, where errors are decades less, the errors in
computing op should be small, il not negligible.
The offect of varying the target of guidance should
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be relatively small for the range of entry altitudes
that may be eonsidered.

The variation in the sensitivity of energy de-
termination with perigee is not illustrated, since
effects on the guidance problem are relatively
unimportant.

Variation in basic measurement sensitivity with
trajectory energy.—The ability to determine
trajectory clements over a range of energy level
is significant to guidance in two ways: first, the
effect of changes in energy on lincarization, as
discussed with perigee variation, and, second, the
ability to guide the vehicle with high approach
velocities.

The standard deviation ol perigee determination
op lor the same assumed errors and ’=1 radius is
shown in figure 8(a) as a function of energy level.
The variation [rom parabolic to more than 3
units hyperbolic represents entry volocities from
about 1 to 2 escape veloeities (37,000 to 74,000
ft/scc). The hyperbolic velocity varies from zero
to 3 escape velocities (0 to 64,000 ft/sec), and
for this large variation op increases only as much
as 50 percent at long range, R,=100 radii. At
short range ¢, 1s alimost constant, even deereasing
slightly beeause of changes in the f2;:AR relation
as energy increases.

Since the perigee is the primary control param-
eter, the guidance problem for approach to
entry should not be significantly more difficult
even with high approach velocities. Naturally,
the AV cost of correction will be greater, and other
factors affecting guidance will be considered later.
Error coefficients for the R,R,6 measurement
scheme illustrating a decrease in expected perigee
errors with increasing energy arc noted in reference
2.

The standard deviation of energy determination
oz, however, inereases rapidly with energy level,
For the purpose of illustration, o is shown n
figure 8(b) as ¢x/F, showing that probable crrors
are approximately proportional to energy at long
range. At short range, the increase in og is less
than proportional to I for £ up to about 1 unit
(1,=37,000 [t/sec), but op does increase. Tor
higher energy, the increase becomes proportional
to energy.

The significance of increased encrgy errors at
high energy is reflected best in numerical evalua-
tions of guidance performance. It is concluded,
however, that the ability to determine the perigee

595488—61—3

accurately is more important than the ability to
determine the energy, and that the characteristics
illustrated in figure 8 are desirable.

Effects of redundant data. - The previous illus-
trations of probable errors considered only a single
increment of caleulation. Consider now the effects
of previous knowledge on the computation of
perigee along an approach trajectory of P=1
radius and 70=0.2 using the measurement ¢rrors
as previously. These were 0.0002 radian in
angular measurement, 0.0002 radius in surface
uncertainty, and 0.01 percent in timing. Tt is
also necessary to assume the sampling rate, or the
sequence of increment sizes, along the approach.
For the example illustrated in figure 9, increments
of 15 radii are used initially at long range and 0.3
R, proportional steps at short range. The
{ransition is at 45 radii, where 0.37,<(15, and the
cutofl point is at 1.2 radii. Logarithmic scales are
used to illustrate the variation in op as a function
of tange R, where cach point represents the
knowledge of all previous data reductions. The
past history is introduced as deseribed in seetlions
on data reduction,

The value of op with redundant data is 0.00049
radius, while the expected standard deviation of
just the Tast point alone is indicated as 0.00067
in figure 9. Thus, perigee determination is
improved by one-third through the use of re-
dundant data. Greater improvement would not
be expected, since op for carlier data Is much
greater (up to two decades) than ep for later data-
reduction increments.

The one-third gain due to redundant data is
useful in guidance, since it implies roughly one-
third smaller entry-corridor sizes. On the other
hand, more sophisticated methods of incorperating
past history may not greatly improve accuracy
but would complicate the computation problem.
The reason for large tolerances to inaccuracy in
measurement of corrective mancuvers, to be
shown, is that loss of cven all previous history
results in only onc-third reduction of knowledge
at the time of loss, and less after additional
increments of measurement.

GUIDANCE LOGIC

As stated previously, the broad objectives of
guidance are (1) to ensure contirol to the specified
entry corridor, (2) to minimize total propellant
requirements, and (3) to establish and relax where
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possible the demands on guidance-system com-
ponents. To achicve these objectives, a method of
obtaining and reducing data has been presented,
but without discussion of the number or spacing
of data-acquisition points. The first function of
guidance logic to be considered, then, i1s the
functional logic of a data-sampling schedule, The
mechanics of corrective maneuvers and  the
associated computation have also been deseribed,
and the second group of guidance logic forms the
link from measured trajectory errors to the
desired correction. The presentation of numerieal
values for particular functions of logic is avoided.
An example of the optimization of numerical

values, and also of the need for various functions,
is shown in connection with stalistical per-
formance eculculations.

It is of interest Lo note that the execution of the
logic of guidance in a sclf-contained computer
syslem is negligible compared to data reduetion,
Thus, computer size is little influenced by the use
of the logic to be described.

Data-sampling rate.—Several schemes for deter-
mining the tate of data acquisition and correetive
mancuvers are proposed in the literature (e.g.,
ref. 13). It has been found in this analysis and
in the studies reported in reference 2, however,
that the importance of the first and last points
outweighs the importance of the scheme used in
intermediate increments.  As illustrated in dis-
cussing figure 9, the accuracy of guidance is almost
completely determined by the accuracy in the
last increment before cutofl.  The first increment
or the first few increments of trajectory determi-
nation and correction are important in reducing
the AV cost of initial errors, as discussed in
appendix B.

The sampling rate used in this analysis is shown
in figure 10 as a function of the range of the first
reading I?; of a pair. At long range, for the first
few readings, a constant increment size is used, or

AR=AR,.. (16)

so that the increment size for the correction of
initial errors may be varied independently of the
remainder of the sampling-rate schedule.

At close range, two lactors have been found im-
portant. First, the last data should be obtained
at the shortest range consistent with sufficient
time to act on the data before entry; and second,
the Iast increment must be long enough to obtain
good accuracy. The range of the last data point
Ry 1s computed {rom the range of the sensible
atmosphere, the time required to reduce data, the
times used in orienting and reorienting the vehicle,
and the estimated time needed actually to execute
the largest AV used after the final data point.
The computation is indieated in appendix D. A
minimum increment is specified as Arpy, to es-
tablish the minimum spacing of data points, where
A, 18 arbitrary but should be at least the time
required to reduce data. It is possible, then, to
predict when the last reading increment should
begin, and also when the second-last reading in-
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crement should begin. The range 24, distin-
guishes the minimum range from which two
complete data increments are possible.  Thus,
for B> R, two (or more) readings are started;
while for R< Ry, only one complete increment
may be accomplished. Tinally, then, for B <R,
the second point of the pair is Ry=1~R..,;, and the
increment size becomes
AI‘):RI_RM! R1<R1ast (17)
With the sampling rate for the initial and final
increments defined, the increment size for inter-
mediate readings is herein assumed to be pro-
portional to R, or

Rlasl < Hl
AR=kplh (18)
L AR AR s

As will be illustrated in the presentation of
numerieal results, the proportional step-size co-
officient %y, can be varied from 0.1 to 0.5 with
only small efTeets on guidance-system performance.
Also, unpublished results indicate that other
funetional ferms of scheduling, such as inecrements
proportional to time, are acceptable. Tt is con-
cluded, therefore, that the particular functional
form of the sampling-rate schedule is not important
to guidance-system performance.

The sampling-rate schedule is simulated for
computation as presented; but, to prevent requir-
ing the vehicle to monitor its position, a time
inerement is eomputed (using vehiele knowledge)
and passive coasting is assumed. In other words,
the second reading is made alter inerements of
passive coasting flight during which only the clock
is monitored. Sinee, at long range, trajectory
knowledge 1s less accurate, the specific range Iy
desired may differ from the range at which the
reading eccurs, At short range, where time and
range increments should be accurately exccuted,
trajectory determination is sufficiently precise, and
the schedule can be closely approximated.

Correction logic.-——The guidance computer must
have a means to determine, for each of the data-
reduction inerentents, (1) whether a correction is
desirable, (2) the size of the correction, and (3)
whether the AT is within the efficient limits of the
propulsion devices. The logie developed to per-
form these funetions is shown as a block diagram
in figure 11, which includes terms analogous to
dead band and damping as well as limitations on
AT, On the right of the diagram is the logic used
normally for the purpese of minimizing total AV
and the number of corrective impulses; on the left
are modifications for the final correction before
entry, which are oriented principally to ensure
guidance accuracy.

In a qualitative sense, if uncertainties in perigee
determination arve larger than the miss distance,
expenditure of AV is not justified. In a guantita-
tive sense, however, neither the “true” miss
distance nor the “truc” error in perigee determina-
tion is known to the vehicle, and centrol action
must be based on statistical estimates available
from data reduction; namely, P and op. A dead
band based on theindicated miss distance P—P
and the expected error in perigee determination
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op is used herein to cause omission of AV expendi-

ture when knowledge is insufficient (in a statistical

sense). An arbitrary “dead-band” coefficient kpg”
is introdueced so that desirable dead-band sizes may

be determined by optimization of results. A cor-

reetive manecuver is used only when

|P—P > kpror (19)
Where the indicated error is less than the dead
band (e.g., 0.5 sigma), the coasting trajectory is
continued.

Unnecessary AV is omitted, in a statistical
sense, if the vehicle is within the desired corridor
size limits, P APimu, by specifying an addi-
tional dead-band ecriterion. Thus, unless the in-
dicated error is larger than APy less a safety
factor kppop, correction is omitted. Or, coasting
flight is continued unless

EP—Ptar!>APltmil—kDBUP (20)

The dead band used with cutoff logic (the left
side in fig. 11) is modified to shift emphasis from
efficient control to high accuracy for the final cor-
rection. A “miss coefficient” k, is introduced
that is a larger “‘safety factor” than kps (e.g.,
2.5 sigmas), so that coasting is continued unless

\P—P 0| AP yimi—knop (21)
Equation (21) differs from cquation (20) only by
the arbitrary constant, but the larger coefficient
allows correction of smaller errors.

Damping action is incorporated into the guid-
ance logic by causing AV to be less than that re-
quired to correct to the centerline of the entry
corridor P, for the purpose of preventing over-
correction due to errors. In normal logic the
damping is related to both the significance of the
knowledge and the specified corridor size, as with
dead bands. The intentional error in trajectory
after correction AP is the larger of

IApzlszMUP (22a)

IAP2[:APHmH—kmUP (22b)
where the damping coefficient kpyy is introduced to
permit optimization of results. The miss coeffi-
cient is used again for convenicnce and to allow
somewhat earlier correction close 10 Py, The

cutoff logic uses only the target-oriented damp-
ing (cq. (22b)). The sign convention used herein
is shown in appendix D.

Limitations on velocity increments.—The use of
engines or thrust devices having limited AV
capability for individual corrective mancuvers
is considered by supplying the guidance com-
puter with the maximum and minimum AV that
are to be allowed. For example, AV, may be
limited for an uncooled engine, or AV, may be
limited to reduce startup losses (if a large engine
is used to make small corrections).

When AV corrections greater than AV, are
specified by the foregoing logic, the guidance
computer arbitrarily substitutes the maximum
allowable correction AV, as indicated in figure
11.

Ir, on the other hand, AV smaller than AV, 18
demanded, control logic arbitrarily overrides the
foregoing logic and omits corrective action alto-
gether, except at the cutoff point. Since guidance
accuracy is seriously affected by the omission of a
final trimming correction, the (slight) inefliciency
that results is unavoidable. It should be noted
that the use of AV, to cause omission of small
corrections is somewhat analogous to a dead band
and that, as AV, is increased, the number of
corrective mancuvers used during the approach to
entry decreases.

COMPUTATIONAL METHODS

Numerical results used in evaluating guidance-
system performance are computed through the
use of Monte Carlo techniques.  Thus, a random
trajectory is generated, and the data that would
be acquired under ideal conditions are calculated.
Then, indicated readings are computed using
random errors and are reduced by the methods
deseribed.  Guidance logic is executed and any
cortective action is caleulated. Random errors
arc used to compute the true corrective action,
which is then used to modify the true trajectory,
and so forth. The result is the simulation of one
sample approach to entry, and the performance of
the guidance system is evaluated by the sialis-
tical interpretation of many sample cases.

The most important advantage of the Monte
Carlo technique is that there is no limit to the com-
plexity of the physical problems that can be solved.
A formidable practical limitation, however, is the
size and speed of the computer used for simulation.
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It should also be noted that the simulation of the
computations that would be made aboard the
vehicle points out  computational difficulties.
Thus, where unusual combinations of errors and/or
logic lead to breakdown of calculation techniques,
such as divergence of iterative solutions, for ex-
ample, the situations that cause trouble can be
avoided by using modified logic or improved caleu-
lation techniques;

Random errors used herein are approximately
normally distributed and are generated by the
method described and evaluated in reference 14.
The details of the use of these errors in computa-
tion are shown in appendix .

The performance of the vehicle of interest,
namely the one that may attempt to execute the
mission, can then be predicted from the statistics
generated by simulating many random vehicles.
In contrast to predicting the expected or most
probable perforimance, the maximum miss distance
and AV requirements are of interest herein.
Results are interpreted, therefore, for the worst
probable requirements on the system, as an
itial step in determining the success probability
in the range demanded for manned missions,

The significance of the maximum requirements
from a given sample of an approximately con-
tinuous distribution ean be estimated using the
statistics of extreme values (ref. 15). The mean
number of exceedances 7,, in N future trials over
the m™ largest result in n previous trials, and the
varianee ¢, are

—— 7‘\_’ ognzm(n—m—f—l)

! (n+1)2

N(N4n+1)
n+2

X
(23)

For the special case of one future sample, the mean
number of exceedances over the largest previous
result and the variance become

11
m_‘n+1 ~n’

1

P S (N
"o n41)2 T n

(24)

so both the number of exceedances and the
variance in the number of exceedances are in-
versely proportional to the number of previous
samples n.  The majority of results presented
herein illustrate the worst ease in 100 samples, so
that the mean number of exceedances in the next
sample is about 1 percent and the variance of

Tn 18 1 pereent,
about 99 pereent.

The maximum value itsell, however, is only
roughly estimated by 100 samples. Belore
application of analyses to an actual mission,
statistical evaluation much more exacting should
be made.  Further increase in sample size is not
considered warranted for the subject analysis,
primarily beeause of the preliminary nature of the
mvestigation. Other factors, including the many
assumptions of trajectory and measurement errors,
computing-time considerations, and the ability to
establish trends with 100 samples, influence the
restriction. Tt should be mnoted that, where
additional samples have been evaluated, the
prediction of exceedances has been good.

The use of conventional statistical methods,
such as references 9, 10, or 16, which gencrally
require forcknowledge of distribution type, is
avoided, principally because the changes in logic
and so forth that may make prediction desirable
are usually made to alter the distribution type
intentionally, thus invalidating the prediction.

The success probability is thus

STATISTICAL PERFORMANCE EVALUATION

Numerical results are presented in nondimen-
sionul units but can readily be translated to real
units for a particular planet if the escape velocity
and surface radius of that planet are known. The
input assumptions of the reference case are pre-
sented herein for Mars, Venus, and Earth to
illustrate the differences and similarities in the
guidance problem of approach to these three
planets.

The guidance factors used in presenting the
reference case are, for the most part, stated but
not discussed. The effeets of variations in guid-
ance logic and the method of its optimization are
then presented. Next, the requirements on sys-
tem component performance are discussed, with
emphasis on the propulsion and attitude control
system associated with corrective mancuvers.

The remaining considerations of the statistieal
performance cvaluation include (1) the effects of
assumed initial errors in trajectory, which may
contribute the majority of the AT cost of guidance
and so are presented in terms of the AV attribut-
able to midcourse errors and in terms of the influ-
ence reflected on the approach guidance system;
(2) the cffects of entry-corridor size limitations;
and (3) the effects of mission energy on the ap-
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proach guidance problem, illustrated for a range
of basic measurement-error assumptions.
Discussion of numerical Tesults based on many
assumed values leads unavoidably to presentation
of many values for later discussion because of the
interaction of the many variables considered.

REFERENCE CASE

The reference ease used herein represents the
result of a restricted optimization of guidance
logic within a framework of assumed trajectory
parameters and measurement errors. A reitera-
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tion of the many considerations leading to selection
of one particular sample for use as a reference is
unduly repetitious.  Since many factors influence
the results, a tabulation of assumed values is
presented before discussion of numerical results,
but discussion of individual assumptions is deferred
to more appropriate context.

Assumed input to reference case. ~The numer-
ical values assumed in computing the guidance
performance of the reference case are tabulated in
nondimensional units in the second column of
table TI. The real units in the third column refer

TABLE II. -ASSUMED INPUT TO REFERENCE CASE

Approximate equivalent

Parameter Assumed value
Real units Farth % Venus Mars
Tnitial and target trajectory
Tnitial encrgy, nominal, ¥, __ . 0.2 oo vy, ftfsec 16, 400 15, 500 7, 700
Standard deviation of F,, eg,i-cco----f 001 - va, ftfsee. o ____ 180 172 85
Initial perigee, nominal, Py . ___. 1radius. .o occeeooo- Miles__ - 4, 000 3, 750 2, 100
1t Standard deviation of Py, op i oo —- radii_ oo Miles__ - ____- 8, 000 7, 500 4, 200
Tnitial ranee, nominal, R, ... 100 radii - - .- Miles_ . __ ... 400, 000 | 375,000 | 210, 000
Qtandard deviation of Ry, eg,i-coo----) 10Tadii. (oo Miles_. o ___--—_ 40, 000 37, 500 21, 000
Turget perigee, mean, Py oo 1 radius. o _—-__- Miles_ . .- 4, 000 3, 750 2, 100
Allowable miss distance, AP ymir------ 0.0025 radius .- - - ____ Miles_ - oo~ 10 9.4 5.2
Instrument errors

Basic measurement ¢rror, omeas-- - - - - - 0.0002 radian_ _ oo or 40-sec arc
Planct terrain uncertainty, e o-- . - - —- 0.0002 radius_ - _---- Miles . oo~ 0.8 | 0.75 0. 42
Clocking error, 0as- - ccoceoeoooom-- 0.000] _ _ o e em - or 0.001 percent

- direction, o oo -~ 0.0004 radian_ - oo jeccccm oo or 80-sec arc
al Contml{magnitud(-, CAV. o —o - 0.001 e - or gol pereent

, direction, asg- .- - 0.0004 radian - oo feoccaaoaa e or 80-see arc
at I\Ieasurement{magnitude, P A1 01 ) I or 0.1 pereent

Propulsion factors

Acceleration capability, A, ... 0.1 oo ft/see? o= 6. 4 6.0 i 2.6
Last impulse size estimate, AV - - - 0. 01 escape veloeity _.| ft/sec .o -~ 367 344 171
Max. AV limit, AVmgzo oo 0.1 escape velocity ... ftjsee oo 3, 670 3, 440 1, 710
Min. AT Himit, AV minoc o e ccmcommo o 0.001 escape veloeity__| ftfsee ...~ 36. 7 34. 4 ‘ 17.1
Guidance faetors
Dead-band coefficient, kpg- - -~ Y-SR MRty RSP PEEEEL LS M b
Damping coefficient, kpar —- - - - - 05 ____ R o e B i
Combincd cutoff miss cocfficient, km - 25 oo o cooooooomofansoommmmmmmmom = o oo DS e TS ORI TR T000
Max. range inerement, ARpaz---a-nz-- 10 radil oo Milos. . __-_7_771" 740,000 | 37,500 | 2(, 000
Proportional range inerement €oefli- | 0.3 . ooooooooommaleamomcmomomonfesommnn o sr s m |t
cient, kg.
Min. time increment, ATmin- - cccemem- 0.5 - Min__ o ____- 4.7 4.8 5. 4
Tost time, ATgropo moccccommm e o e 05 e Mile ccomaeano 4.7 4. 8 5.4
Range of sensible atmosphere, Ragn- -~ 1.02 radii.. oo Miles, altitude_ _ 80 75 42
New data coefficient, kpew- - o cccceae- 3 O S ] it

1 The standard deviation of the linear normal distribution use

595488—61——4

d to generate a bivariate distribution.
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to the approximate equivalents shown in the Jast
three columns for approaches to Earth, Venus, and
Mars. Ratios, coefficients, and angular measure-
ments are unaffected by the nondimensional
system.

The first group of assumptions is related to the
initial trajectory and the target of guidance.
The nominal energy E; is assumed to be 0.2,
representing & hyperbolic velocity of about 0.45
escape velocity or an entry velocity of about 1.1
escape velocities (40,400 {t/sec approaching Earth).
The standard deviation in initial cnergy og ; is
assumed to be 0.01 and is not considered further
herein, but two reasons for using errors in initial
energy are (1) to avoid coincidental unique
solutions possible with fixed values and (2) to
malke some allowance for midcourse variations in
velocity.  The initial nominal value of perigee
P; is assumed to be the target perigee P, 1
radius, or tangent to the plancet surface. This
implies that the midcourse guidance system has
sufficient resolution to aim at the surface instead
of the center of the planct. The linear com-
ponents of the perigee error ap ; used to generate
a bivariate distribution, are assumed to be 2
radii, thus allowing initial errors up to, say, 6
radii for particularly bad samples. The initial
range I'; of 100 radii and standard deviation
ogr,¢ 0of 10 radit are assumed and will not be con-
sidered further. The large error in initial range is
used, first, to maintain the previous assumption
that coasting flight between readings is used to
avoid the need for the vehicle to monitor its range,
and, sccond, to prevent the development of
unique sampling-rate  schedules  keyed to a
particular mitial range. The assumed entry
corridor APy, of £0.0025 radius (<10 miles or
8.7 Int. naut. miles approaching Earth) will be
considered further,

The second group of assumed values includes
the errors in measurement instruments and the
plauet terrain uncertainty, as were discussed
previously in conneetion with the basie accuracy
of trajectory determination. These assumptions
will all be considered later except the clocking
CITOT 04y, assumed (o be 0.01 pereent.  This error,
representing about 10 seconds per day, is not a
stringent requirement but nevertheless has little
mfluence on results.

The third group of assumed values specifies the
control propulsion devices, though the last impulse

size AV, is possibly better considered a function
of guidance logic. Values of A,, AV .., and AV,
are assumed to be 0.1, 0.1, and 0.001, respectively,
and are considered later, Since AV, as assumed
is much larger than the maximum requirement, it
is essentially unspecified for the reference case.

Assumed or optimized values of guidance logic
are listed in the last group. The range of the
sensible atmosphere R,,,, assumed 1.02 radii
(80-mile or 70-Int.-naut.-mile altitude for Earth),
and the “new data coefficient” k,,, will not be
considered further, the latter term representing
the increase in range or time-inerement steps used
when the datareduction fails. Thus, if breakdown
of data reduction occurs, the original step size is
mcreased by 10 percent and a new second reading
is generated, and so forth, until a valid result is
obtained. Of particular note is the close corre-
spondence of time increments for the three planets,
namely, 4.7, 4.8, and 5.4 minutes. Thus, the
times associated with computer speed and dynamie
attitude control represent roughly the same equip-
ment requirement for approaches to any of these
three planets,

Results of reference case.—The accuracy of
guidance for the reference case is illustrated in
figure 12(a), where the number of vehicles com-
pleting the approach with a given true absolute
miss distance |AP,] is shown as a function of miss
distance. The assumed allowable miss distance
of 0.0025 radius (410 miles) is indicated, and all
vehieles are guided within the entry corridor by
at least 0.00025 radius (1 mile). No significance
is placed on the distributions of miss distance here-
in, except where the specified corridor is missed.
Though the sample size of 100 vehicles is insuffi-
cient to specifly probabilities of success greater
than 99 percent, any known miss of the target
corridor indicates a success probability of 98
percent or less and is categorically rejected herein.
Thus, unless notetion is made of vehicles missing
the corridor, it should be assumed that the desired
accuracy i=s attained.

The frequency distribution of total AV require-
ments is shown in figure 12(b). The number of
vehicles requiring a given AV, is shown as a
function of the total velocity increment. Two
important effects are immediately obvious. First,
the average, mean, or mode does not reflect re-
quirements on the guidance system.  For example,
the most frequent requirement is 0.007, the mean
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Number of vehicles, percent

0 ‘ 00! 002 003
Target miss distonce, AR, radius

(a) Frequeney distribution of target miss distance.
Treure 12—Results of reference ease.  Assumed values
from table IT.

is 0.014, and the average is 0.016; while to obtain
a predicted probability of success of 99 percent the
system must be capable of 0.042 escape velocity.
Second, the distribution is poorly defined, particu-

(b)

Number of vehicles, percent

o Ol 02 03 04 05
Total velocity-increment requirement, Al .,
escape velocity

(b) Frequeney distribution of total veloeity-inerement
requirements.

Fravre 12.-—Continued.

Results of reference case.

larly in the high AV requirement region of interest.

Avoiding, momentarily, the problem of accu-
rately defining AV, the cumulative frequency
distribution of AV expenditure is shown in figure
12(c). The ideal velocity increment AV is the
velocity increment needed to correct the initial
error in perigee to the nearest boundary of the
entry corridor at the range of guidance initiation,
and is interpreted herein as the AV chargeable to
errors in midcourse guidance. This AV is not
casily expressed analytically, but is a function
of range, energy, and perigee; assumed errors
or, 0z, and op; and the entry-corridor size. Tho
method of computation is shown in appendix D.

The dashed curve in figure 12(c) is the cumu-
Jative frequency distribution of AV, from 10,000
samples, and so should closely approximate the
parent distribution. The curve agrees satisfac-
torily with the points of the 100-sample reference
case except at the extreme values, as anticipated.
From equation (23), the predicted numbers of
exceedances over AV, of about 0.047, 0.041, and
0.0367 escape velocity are 0.01, 0.1, and 1 pereent,
respectively. Predicting from the reference case,
a AV zof 0.0336 cscape veloeity should be exceeded
1 percent of the time, with a standard deviation
of 1 percent (from ref. 15), while the same AV,

100 V [; 5_5,5&,./(9_7(??

.

O Total, AV/o/}
4+ 0O ideal, AV;y 100 Samples _ |

— — AV,4, 10,000 Samples

|

0 .01 02 .03 04 05
Velocity-increment requirements, Al/, escape velocity

Number of vehicles, percent

(¢) Cumulative frequency distribution of velocity-incre-
ment requirements.

Assumed values from table I1.
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from the large sample is exceeded 2 percent of the
time; thus, the reference case is in error by 1s, a
typical result,

The poor definition of AV, ., is largely a
result of insufficient resolution in the AV required
to correct the assumed errors in initial conditions
rather than of poor resolution in evaluating the
costs duc to errors in the approach guidance
system.

The AV capability that must be supplied to the
vehicle, in addition to the AV e, to attain the
desired success probability is defined as

A‘vrsEA‘wwf,mar—AT'id,ma:r (25)

where A17, is interpreted as the velocity-increment
capability requirement chargeable to inaccuracies
in the approach guidance system and will be used
extensively herein. In other words, AV, is the
“excess” AV required, because of approach guid-
ance errors and planet terrain uncertainties, over
that which an “ideal” system with “‘ideal”
knowledge would require.

It will be demonstrated that the excess velocity-
increment requirements are not a strong function
of initial perigee errors, and as a result, AT, can
be used to evaluate AV, e Tequirements using
any given AV .. evaluated for conditions rea-
sonably close to those used in determining AV,
This procedure, written as

Atvlr)t,mnr:i‘vid,ncw_{_ AT'zs

is used herein to adjust total velocity-increment
requirements with aceurately determined AVig new
(Computing speed is about 500 times greater than
that of the complete approach guidance system.)
Naturally, this technique docs not aid in assuming
initial errors; therefore, AV, e, remains a strong
function of the midcourse guidance system and
beyond the scope of this analysis.

The approach guidance system is optimized
using AV, as the principal criterion for good
performance. Thus, the AV requiremenis are
minimized for those samples resulting in maximum
totalrequirements. A distinction is made between
the desired “difference of maximums,”

AT =— Al T
AV zs=AI/ tut,maz_AT' id,mazx (26)
I . .
and the “maximum difference,”

AV, (AV 0 — AT, (27)

since in many cases the “maximum difference”
exceeds the “difference of maximums,” but the
“maximum difference” is ignored herein because
the total AV requirements for the (midcourse+-
approach) system are not influenced.

From the ranked data used in plotting figure
12(c), the AV, is 0.0067 cscape velocity (245 ft/
sec) with a probability of e¢xeeedance of 1 percent
with a standard deviation of 1 percent. From the
10,000-sample evaluation, a AV ... of 0.0403
escape velocity is execeded in a predicted 0.1
percent of the time, and the maximum total
velocity increment of 0.047 escape velocity (1725
ft/sec) should be exceeded about 1.04+£1.0 ¢ per-
cent of the time in one additional sample.

Frequency distributions of the number and size
of individual corrective mancuvers are shown in
figures 12(d) and (e). The number of AT during
the approach varies from 1 to 6, with a mean of
between 3 and 4 corrections. The system re-
quirement is considered the capability for 6
correctlve maneuvers.

The size of individual AT (fig. 12(e)) varies up
to 0.038 escape velocity, larger than the largest
AV iIn the 100 samples of the reference case.
No correction is made about 114 times per ve-
hicle, and a small trimming correction up to
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(d) Frequency distribution of number of corrective
MAaNcUvVers.
Continued. TResults of reference case.  As-
sumed values from table T1.

Figure 12.
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(e) Frequeney distribution of individual corrective
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12— -Concluded. Results of reference
Assumed values from table TI.

F1GURE case.

0.002 escape veloeity (75 ft/sec) is used an aver-
age of 2% times per vehicle. An average of 1
larger correction is used during each approach,
usually at the first point, followed by up to 5
trimming corrections.

The assumed values of the reference case will be
used throughout this analysis except where noted
otherwise, such as in the next section where the
effeets of guidance logic on the optimization of
performance criteria are discussed.

EFFECTS OF GUIDANCE LOGIC

Other factors affect the performance of the
approach guidance system in a fashion similar to
the factors considered specifically “guidance logic,”
particularly the minimum limit on individual
velocity-increment size AVgip. This discussion,
nevertheless, will be restricted to analysis of the
effects of optimization of arbitrary coeflicients
that are uniquely the logic of guidance; namely,
the Tactors defining the sampling-rate schedule
and the dead-band and damping coefficients.

The primary criteria in optimization have been
described as the excess velocity-increment require-
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escape velocity

\
0041 -Special data-reduction |
methods used

LT e

Excess velocity increment, AV,
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i

Max. number of corrections,
Nmax

0 10 20 30 40 50
Max. step size, AR, , radii

(a) Effect of maximum step size on velocity-inerement
requirements.

(b) Effect of maximum step size on number of corrective
maneuvers.

Tiqrre 13.—Effects of guidance logic. Assumed values

from table II.

ment AT, and the maximum number of corrective
manecuvers Npg. In many respects, however,
additional criteria for selecting good performance
must be introduced; for example, the sensitivity
of the system to larger measurement errors.  Even
so, (he sclection of some factors remains arbitrary.

Data-sampling rate.—The logic of determining
the size of reading inerements is shown in figure
10. 'The effect of maximum step size AR, on
the cxcess velocity-inerement  requirements s
illustrated in figure 13(a) for variation of AR,
around the reference point at 10 radii (40,000
miles, 35,000 Int. naut. miles). The excess
velocity inerement AV7, decreases with AT ..,
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since smaller steps permit correction at longer
range, where AV requirements to correct a given
error in perigee are less (see appendix B). For
small initial steps, such as 5 radii, the data-
reduction methods are modified to permit rejection
of bad data and the acquisition of more data until
useful results are obtained. The maximum num-
ber of corrective mancuvers during the approach
Noaz 18 shown as a function of AR, in figure
13(b). Decrease of AL,., from 10 to 5 radii
increases V., from 6 to 12 in addition to causing
complications in data reduction, though the large
Nuar at 5 or 15 radii could be reduced (partially)
by reoptimization. The reference value at
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Max. number of corrections,
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(c) Effect of step-size coefficient on velocity-increment
requirements.
(d) Effects of step-size coefficicnt on number of corrective
maneuvers.
Figure 13.—Continued. Effects of guidance
Assumed values from table I1.

logic.

ARy,=10 radii is selected to cause near-optimum
AV, without data-reduction complications.

The effect of the proportional step-size coeffi-
cient ky, on AV, and N, is shown in figures
13(c) and (d). The samplingrate schedule be-
tween the first and last few corrections is assumed
proportional to the range of the initial reading of
a pair and defined numerically by kz. Combina-
tions of relatively low A1, and N,,,, are possible
over a wide range of kg, representing increments
of from 15 to 50 percent of the range of the first
reading. The large scatter is due principally to
the mismatch of logic. It is concluded, however,
that the sampling rate between the first and last
corrections has relatively little effect on system
performance and can be used as a variable in
optimization of other logic. The reference value
of kr=0.3 is sclected to allow greater tolerance
to component system ecrrors, and, in general,
choice of optimum values is not obvious.

The logic of increment size at the cutoff of
active guidance prior to entry is defined numer-
ically by the time increments associated with
data reduction and correclive mancuvers and
is discussed under “Requirements on System
Components.”

Dead band and damping.—The logic of the final
correction prior to entry is considered first. The
dead band and damping for the last increment
are both alined to the specified corridor size and
defined numerically by the coefficient %, or “miss
cocflicient.” The purpose of using modified logic
(fig. 11) just prior to cutoff is to ensure a high
probability of guiding to within the limits
+ AP nie. The effect of £, in controlling the
maximum tfarget miss distance AZP,.; 1s shown
in figure 13{e). As anticipated, increasing £,
results in increased accuracy at cutoff, with a
minimum of 1.5(¢) required to cause all vehicles
to hit the specified entry corridor of +0.0025
radius (£ 10 miles).

Partly because of the use of £, in normal logic
as well as at cutoff, k,, has some unexpected effects
on AV, (fig. 13(f)). For %, larger than 2.0, the
correction at cutoff is increased as &, Is increased,
and the total velocity inerement due to approach
guidance increases from 0.0052 to 0.0108 as k,
varies from 2 to 3. Unexpected, however, is the
increase in AV, as k,, is decreased from 2.0. The
increasce is due to the reduction of required cor-
rections in the inerements prior to cutoff and
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Frovre 13.—Continued. Effects of guidance logic. Assumed values from table TL
tesults in increased AV al the final correction, the reference case.  As a result, but not a general
which is larger since range is reduced. No im-  conclusion, the dead band could be omitted from

portance is placed on the low AV at & of 1, the logic of the reference case, and the effects
since the desired accuracy is not obtained with g4 1ot shown.

k,, below 1.5; but the trend is typical of the inter-
actions in logic that can occur and resulls from
reduced corrections in both the last few incre-
ments and the last increment.

The relference value of &, is selected as 2.5 to
give greater margin in parametrie studies, which
results in an increase in AV from 0.0052 for ky w.th “heavy” damping. The (wo regions of
ol 2 to 0.0067 escape velocity, a difference of  low AV%, are typical, have been found over wide
0.0015 escape velocity (55 ft/sec). ranges of problem definition and guidance-logic

The effects of the dead band in normal logic  optimization, and arc due to the tradeofl be-
are insignificant because of the large AV, usedin  tween rapid correction at longer range with low

The effect of varying the damping cocfficient
kps on AV, is shown in figure 13(g). The AV,
is relatively large at kp, equal to 0, 1, and 1.5
or greater, but two regions of good performance
occur, one with “lizht” damping and the second
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damping and reduced overcorrection with high
damping.

The smaller of the two minimum values of
AV, depends on problem definition; thus, with
with larger measurement or initial perigee errors,
the more heavily damped system is favored with
kpa about 1.35. For smaller errors or to cause
the system to be less sensitive to AV execution
and measurement crrors, the damping coef-
ficient of about 0.25 to 0.5 is preferred.

The effect of kpy on the maximum number of
corrective maneuvers is shown in figure 13(h).
The minimum requirement, 6 corrections, occurs
at a damping coefficient of 0.5, influencing a
slight compromise in AV, in selecting the reference
value. The region of low AV, at kpy=1.35
is associated with N,,,;=8, and it is not generally
possible to reduce N,,, by reoptimization of
other logic while using high damping.

It is concluded that the optimization of guid-
ance logie permits selection of good performance
over a wide range of optimization criteria, with
a significant choice of parameters available to
allow near-optimum performance for those cri-
teria not specifically desired. Thus, when par-
ticular system requirements and tradeoff costs
arc available, the logic (including herein the
sampling-rate schedule 4z and AR, and the
dead bands and damping k,,, kps, and kpy) can
be optimized to yield the desired combination
of AV, N, sensitivity to errors, computing
problems, and target accuracy.

REQUIREMENTS ON SYSTEM COMPONENTS

As an indication of the interaction between
component systems of the guidance scheme and
as an evaluation of requirements on component
system performance, the sensitivity of guidance-
system performanee to the capabilities of asso-
ciated components is analyzed parametrically.
Of particular interest are the sizing ol propulsion
devices, accuracy requirements for corrective
maneuvers, and the factors associated with data-
reduction speed.

Sizing of propulsion devices.—Relations for cor-
reetive maneuvers (appendix B) were derived
assuming that trajectory modification results from
essentially impulsive velocity imerements followed
by periods of coasting flight to account for the
time of firing finite-thrust engines. The effects
of changing vehicle aceeleration capability A, or
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Ficvre 14.

engine size, are thus interpreted from the effects
of changing the duration of coasting after an
impulsive correction. The excess velocity in-
crement AV, is shown as a funetion of .1, in figure
14(a). Decreasing ., lrom the reference value
of 0.1 (6.4 ft/sec®) causes only slight increases in
AT Because of the cutofl eriteria, the range of
the final readings must be inecreased until, with
A, about 0.01 (0.6 [t/sce?), the accuracy of guid-
ance is reduced. The variation of N, as A, is
decreased (fig. 14(b)) is also insignificant except
for the mismatched point at 0.03.

Some caution should be exerecised in interpreting
the Iimiting value of 0.01 (0.6 {/scc?), or a thrust-
weight ratio of 0.02, because of the optimistic
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Figure 14—-Continued. Evaluation of control engine
requirements.  Assumed values from table II.

nature of the assumptions. On the other hand,
there is no limit on the maximum acceleration
capability; but problems of accuracy in measuring
AV and attitude control make the use of large
control engines impractical.

Limits on the maximum velocity increment for
any single correction AV, are considered pri-
marily to determine the problems associated with
the use of uncooled propulsion devices. For fixed
acceleration capability, A1, becomes a limit of
firing time.  The AV, assumed for the reference
case, 0.1 escape velocity (3670 ft/sec), is not a
limit, since the maximum demand is 0.04 cscape
velocity. The effect of reduced AV, on AV, 18

595488 —61—F5

shown in figure 14(c); and, as anticipated, no effect
is indicated for AV, of 0.05 escape velocity
(1835 {t/sec), since the limit is still larger than the
demand. With AV, of 0.03 escape velocity,
there is some delay in making initial corrections,
and AV, increases slightly; but for smaller AV,
the delays in executing corrective maneuvers be-
come important and AV, more than triples; in
addition, the target of 40.0025 radii (410 miles)
is missed. The effect on Np. (fig. 14(d)) 1is
similar, in that for AV, greater than 0.03 escape
velocity there is no effect. For AV, less than
0.03 escape velocity, the large initial AV are re-
placed by several smaller corrections, and Nya.
increases.

Tt is concluded that propulsion devices must be
capable of velocity inerements for a single correc-
tion of about 0.03 escape velocily (1100 ft/sec)
or about three-fourths of the maximum ideal
velocity-inerement requirement of the reference
case. The assumptions concerning impulsive tra-
jectory modification with finite coasting periods
do not materially influence this result, since the
effects are noted at long range where time incre-
ments along the trajectory are relatively long.
The data-sampling rate in guidance logic (AR
and kg) and the assumed initial trajectory and
errors, however, do influence AV, limitations
significantly. Thus, the guidance system will be
more sensilive to limitation of individual correc-
tions if fewer correction points are available (i.e.
larger AR and kgz). As the AV e s varied
with the assumptions ol initial trajectory and
errors, such as I and op, it is anticipated that the
limit AV, will remain of the order (3)AV i maz.

Limitation of the minimum allowable velocity
increment for a single corrective maneuver AV in
may be desirable to reduce the startup and shut-
down losses for the majority of corrections. The
limit does not apply to the final AV prior to cutoff
(fig. 11), since guidance accuracy would be con-
siderably reduced if the final trimming correction
wore omitted. In addition, AV, has been indi-
cated previously to be useful in reducing the
number of corrections used during the approach.
The effect of varying AV, from the reference
value of 0.001 escape velocity is shown in figures
14(e) and (f). Reducing AV, to 0.0005 or
0.0002 escape velocity causes N, to increase to
11 or 14 of a possible 15 or 16 corrections. Since
AV i, acts cssentially as a dead band in guidance
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Fravre 14.—Concluded. Evaluation of control engine
requirements.  Assumed values from table IT,

logic, Al7,, incrcases as AV, decreases, but de-
creases again at 0.0001 escape velocily as a good
combination of logic is established, mueh in the
manner of figure 13(g). Reoptimization of logic
may permit AV, of about the reference value for
AT, between 0.0001 and 0.001 eseape velocity,
but the attempts at reoptimization indicate that
Nyas cannot be effectively reduced using dead
bands and damping alone.

Increasing the minimum allowable velocity in-
crement above 0.001 escape velocity reduces the
number of corrective maneuvers from 6 to 5 but
results in an essentially overrestrained system re-
quiring larger AV, which increases to 0.017 escape

velocity (625 ft/sec) for AT, of 0.005 escape
veloeity as shown, then leads to complete failure
in guidance accuracy for AV, between 0.005 and
0.01 escape velocity (not shown).

Accuracy requirements for corrective maneu-
vers.—The purpose of distinguishing errors in the
control of AV from errors in the knowledge of the
resultant increment after execution is discussed in
deriving the relations used in the analysis (appen-
dix B). Briefly, again, it is desired to separate
the requirements for dynamic control from the ac-
curacy requirement of AT measurement.

The performance of the guidance system is ex-
pected to be insensitive to errors in controlling the
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Frauvre 15.—Accuraey requirements for trajectory modi-
fication. Assumed values from table TI,
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Accuracy requircments for
Assumed values from table IT.

relatively small corrective maneuvers during the
approach, simply because control errors in one
AV are corrected in a later AV. As the cutoff
range is approached and accuracy becomes critical,
the error cocfficients decrease and AV is generally
small.

The effect of errors in controlling the direction of
AV on AV, and N, is shown in figures 15(a) and
(b), where the standard deviation of Bueas is varied
from 0.0004 radian (80-scc arc) to 0.1 radian (6°).
There is no effect on the velocity-increment re-
quirement or the maximum number of corrective
manecuvers for errors as large as 0.08 radian rms

(4.5°). For larger o5, Nuaz increases to 10, but
AV, increases only slightly.

The cffects of magnitude errors ¢ay are shown
in figures 15(c) and (d) for oay larger than the
reference value of 0.1 percent rms.  Primarily be-
cause of the low probabilities of several suceessive
large control errors, the maximum values are not
well defined, and a clear trend of AV, and Nooz
variation with ¢ay is obscure. The important
result, however, is that the guidance system will
perform at all with errors as large as 10 percent
rms.

The effeet on AV, and N, of errors in measur-
ing the direction Bueas, o8 simultaneously with
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Ficore 15.—Continued. Accuracy requircments  for

trajectory modification. Assumed values from table

II.
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errors In controlling the direction o5 is shown in
figures 15(e} and (f). The trend is approximately
that of figures 15(a) and (b) for control errors
alone, indicating that the loss of trajectory
knowledge duc to s is negligible in effect on
guidance-system performance.

The magnitude errors, oay and oy, how-
ever, have more effect on AV, and Nz, as shown
in figures 15(g) and (h). Again, the details of (he
trends are obscure, but guidance to the +0.0025-
radius (410-mile) corridor is possible with inde-
pendent errors oay and oy both as large as
10 percent rms, but at a cost in AV, of double to
triple the cost with 0.1-percent errors.
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of AV on number of corrective mancuvers,
Frevre 15.—Concluded,
trajectory modification,

Accuracy requirements {or
Assumed values from table T1,

Limiting values of the four crrors associated
with corrective mancuvers, namely oz and gayp
in execution, and a5 and ey in measurement,
have not beon evaluated, since accuracy of the
order 10 percent in magmtudo and 6° in dircction
should be easily obtained by present standards
(ref. 8 or 17). The large tolerance of the system
could then be applied to other problem areas.

It cannot be overemphasized that these large
tolerances to errors in corrective mancuvers are
due, for the most part, to the use of multiple-
correction guidance. If a fixed number of correc-
tions (say, 3) were used, the accuracy require-
ments would be much more exacting.

Computation-speed requirements.—Time incre-
ments along the trajectory, such as the minimum
reading increment Arpg,, and the time inerement
for data reduction, orienting the vehicle to exe-
cute a correction, and reorienting the vehicle to
commence data acquisition, are of interest, since
component system requirements can be estimated
from the sensitivity of the guidance system (o these
delays.

The minimum reading inerement size Ar,q, has
two functions in guidance logic: (1) to establish
the time, or range, of the initiation of cutofl logic,
and (2) to prevent very small reading increments
where accuracy could be unsatisfactory. Increas-
ing A7, from the reference value of 0.5 (about
5 min for Earth, Mars, or Venus) causes a small
increase in AV, since the second-last AT is made
at longer range where o is larger. Therefore, the
last correction requires larger AP and thus
larger AV, since the cost increases as range
decreases.

The times required to reduce data, reorient the
vehicle, and so forth, associated with the use of
corrective mancuvers and Iumped into one term
called “reorientation time” ATyp, affect direetly
the range and thus the accuracy of the last reading
merement.  Thus, accuracy is reduced as Arirop
increases, but AV is also reduced. For Argy,, of
the order 1.5 (15 min) the seccond-last readings
are also nffodod significantly and AV, then in-
creases.  For the reference case A7y1,p 18 assumed
as 0.5 (5 min) as a compromise between low AT,
and a reasonable accuracy margin at the +0.0025-
radius corridor.

The limitations on data-reduction time can be
mferred by assuming the attitude-control-system
response fast relative {o minutes and varving
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ATmin and A7y, together. Since data must be re-
duced before a correction is determined whether
it is executed or not, Ar,,, and Arg,, both must be
at least the time required by the computation.
Effects on A1, and N, are shown in figure 16,
where the number of corrections and the velocity
inerements increase with data-reduction time,
and with times of the order 2.5 (25 min) resulting
in acceptable guidance accuracy. As A7, and
Aty are increased to 3.0 (} hr), target accuracy
is not attained, however.

The data-reduction time limitation of about 25
minutes for cither vehicle-contained or ground-
based computers for approaches to entry at Earth
does not present a difficult problem. (The simu-

.020
o
N 0l6f A
<
5 >
gg.0|2“ s S j\*
g2 B
>g %
= g .008 -
R R N Vo ¢ I I I O T O
>
o0
2 004 e St e e e S e
g
L 4 R U
{a)
0]

%)
c
°
s 12 Bl i
P
é ':'CS<* —
2§ TO
o2
b I .
E
=)
S oaf i
bed
o
E S—— I — L -4
(b)
0 .5 1.0 1.5 2.0 2.5
Data-reduction time, Arm,.n and A"s/op

(a) Effcet of data-reduction time on velocity-inerement
requirements,
(b) Effect of data-reduction time on number of corrective
maneuvers.
Fiavre 16, —Computation-speed requirements.
values from table IL.

Assnmed

lated computation, though simplified, requires
about ¥ sce.) The use of Earth-based computers
for approaches to entry at Mars or Venus may be
difficult beeause of relatively long transport times
(from 6 to 30 min for two-way communication)
and the high power requirements for rapid trans-
mission of data (ref. 8).

Great caution should be exercised in interpret-
ing this limitation, since the sensitivity of the
guidance system varies considerably with problem
definition.

Tt should be noted first that A7, and Argg,, or
A,, have significant effects only at short range near
entry and therefore are not influenced by problems
of ussuming initial errors in trajectory. The data-
reduction time (Armim and Azg,,) and the engine
size are competing for the same time and thus
influence cach other.

Mission cnergy, entry-corridor size, planet sur-
face uncertainties, and basic measurement ac-
curacy all have a major influence, however.
Therefore, from the specified corridor size, the
range at which sufficient accuracy can be attained
is determined from the instrument errors and the
surface uncertainty. From the energy, then, the
time to entry can be determined and is the time
available to reduce data as well as to execute the
correction. For example,allowable data-reduction
time varies roughly as the inverse ol entry
velocity. For an entry at 60,000 feet per second,
the allowable time is reduced from 25 to 16
minutes.

EFFECTS OF ERROR, TARGET, AND TRAJECTORY
ASSUMPTIONS

The discussion ol guidance logic and require-
ments for system components has centered on the
assumed measurement errors, trajeclory errors,
and problem definition ol the reference case as
summarized in table TI. The effects of these as-
sumptions on the guidance system are considered
in the following sections.

Results are presented in parametric form to
llustrate the effects of individual assumptions; in
general, trends are presented without reoptimiza-
tion of guidance logic. Though reoptimization has
been performed in many cases, and because
improvement in performance over that of the
reference logic is relatively small, the results will
ilustrate the logic of the reference case where
possible. Iowever, since the maximum number
of corrective mancuvers during the approach to
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entry is sensitive to the guidance logic, results
without reoptimization are of little interest and
will not be illustrated. As shown in the discussion
of guidance logie, the number of corrections can
be minimized at small cost in total velocily-
increment requirements.

Because the assumption of initial errors in
trajectory, mnamely perigee errors, causes the
greatest uneertainty in AT costs of approach
guidance, it is considered first. Tt is not the
purpose here to predict the performance of mid-
course guidance systems; on the contrary, it is
desired to illustrate the costs in approach guidance
resulting from residual errors in midcourse guid-
ance. Thus, the costs of inaccuracies in approach
guidance systems can be assessed, and some trade-
off considerations reflecting requirements for mid-
course systems can be implied.

Second, the effects of entry-corridor limitations
on the cost of guidance are presented to show some
tradeoff considerations with the entry vehicle
requirements.  In this section a choice of “repre-
sentative” corridor-size specification is described
for use in the final section, where the effects of
mission cnergy and basic measurement accuracy
are illustrated.

Effects of initial errorsin trajectory.—The initial
data acquisition of the approach guidance system
is assumed to occur at a range 1 along a trajec-
tory given by energy F and perigee P. FErrors
are assumed in the initial values of the three
parameters.

The initial range is assumed to be 100 radii
(400,000 miles, 350,000 Int. naut. miles) with a
standard deviation of 10 radii (40,000 miles,
35,000 Int. naut. miles). Since it is desired to
avoid specifications that by implication require
the vehicle to monitor range, large errors are
anticipated. The specific value of 10 radii, how-
ever, is used to avoid unique sampling-rate

schedules and  causes the maximum ideal AT

requirements to inerease about 15 percent beeause
of the reduced range of the first correction. With
a single measurement of 0.0002 radian rms (40-
sec arc), the initial range error would be about
1 radius rms il monitoring were assumed.

The assumed initial error in energy og is 0.01
(units of escape velocity squared) and has little
effect on results.

Details of the generation of initial perigee errors
arc shown in appendix D. Results are presented as
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& function of the standard deviation of the linecar
components used to generate the bivariate distri-
bution. The AV costs of correcting given errors
in perigee are shown in appendix B, and the
maximum AV is indicated to occur when the
direction of rotation around the target planet must
be changed. The cumulative frequency distribu-
tion for errors assumed in the reference case is
shown in figure 12(c).

The AV costs of guidance presented hercin are
interpreted from the worst probable cases; thus,
only the combinations of initial errors in perigee,
energy, and range that cause the maximum AV
for correction reflect in system requirements. It
would be feasible to define the maximum crrors
m initial conditions rather than the distributions
if errors from which maximum AT costs would
result could be determined. Knowledge of distri-
butions, however, is needed to define the frequency
of occurrence of “worst” probable cases. In
addition, other causes of mission failure such as
too many corrections, breakdown in computation
methods, or missing the entry corridor are not
correlated with maximum AV requirements; and
distributed  errors are necessary in  system
evaluation.

The ideal velocity-increment requirements re-
sulting from 10,000 samples and the assumptions
of the reference case are shown in figure 17 as a
function of op. The curves are the maximum,
tenth, and hundredth ranked AV and should be
exceeded 0.01, 0.1, and 1 percent of the time in
onc additional trial, respectively. The probability
of not exceeding the curves is then 99.99, 99.9,
and 99 percent, respectively. The rapid increase
m AV, with ¢, In the range of op from 0.3 to 0.7
radius is again duce to the nonlinearities of the
parameter /2 and the specification of a given direc-
tion of rotation. The AV, varies from 0.001 to
0.15 esecape velocity (37 to 5500 ft/sec) for the
range from 0.1 to 10 radii (400 to 40,000 miles,
350 to 35,000 Int. naut, miles) in the standard
deviation of the linecar distribution used to gon
erate the bivariate distribution of perigee errors.

The AV, required during the approach phase
because of residual errors in midcourse guidance
can be evaluated easily for any given maximum
AP or, with a little more effort, from any given
distribution of trajectory errors, the results shown
in figure 17 being just one example.
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Fravre 17.—Ideal velocity-inerement requirements,  As-
sumed values from table IT.

The additional AV required to exccute the
correetions due to errors in the approach guidance
system is shown in figure 18, again as a logarithmie
function of ¢p. The excess velocity merement
AV, varies from 0.005 to 0.0115 escape veloeity
(185 to 420 ft/scc) as op varies from 0.1 to 5 radii.
For the same range of op, AV, varied from 0.001
to 0.08, or 80:1 relative to about 2:1 change in
AT,,. Roughly, then, the AV cost due to the
approach guidance system remains almost con-
stant as op is varied, with the result that the total
velocity-increment cost of approach guidance can
be predicted readily for given ideal AV require-
ments.

In greater detail, AV, in figure 18 increases
with o for op greater than 1 because of the greater
etrors in perigee determination for large P (fig. 7).
For op less than 1, AV, is smaller; therefore,
AV, is roughly the maximum of the entire family,
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Fiarvre 18.—Lffects of initial trajectory errors on cXcess
velocity-inerement requirements. Assumed values from
table II.

not the maximum associated with large AV, as
for larger ¢, where optimization was performed.

Effects of entry-corridor size.—The target of
guidance of the reference case and the previous
discussion is assumed to be an entry corridor
around the nominal target perigee Pg,=1 radius
of +£0.0025 radius (4 10 miles approaching Earth).
The offect of varying the target miss distance
allowable AP i is shown in figure 19. Reducing
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Ficure 10.—Effect of entry-corridor size. Assumed

values from table IT.



36 TECHNICAL REPORT R—102—NATIONAL AERONATUTICS AND SPACE ADMINISTRATION

AP timie [rom the relerence value of 0.0025 to 0.001
radius results in an inerease in AT, of about 0.002
escape velocity (75 ft/sec).  (In computation, this
result is obtained by specifying AP,,,,,=—0 and
using the maximum miss distance as the minimum
corridor obtainable.) A minimum miss distance
of 0.001 radius (4 miles, 3.5 Tnt. naut. miles) is
possible with the guidance logic of the reflerence
case; but, by modilying the logic (kpz=1.0, kpsy=
1.0), a corridor of 0.00086 radius is attained at an
increase in AV, of about 0.003 escape velocity
(110 ftfsec). Even smaller target corridors can
be used if the requirements on the performance
of the data-reduction computation system are
increased; thus, by assuming an essentially zero
data-reduction time, a corridor of 0.000535 radius
(42.2 miles, 1.9 Int. naut. miles) is obtained
using AV, of 0.015 escape velocity, more than
twice the reference value. Smaller targets are
not anticipated with the assumed planct uncer-
tainty of 0.0002 radius.

The excess velocity inerement AV, deereases
only slightly as corridor size inecreases above
0.0025 radius, since the system ean be optimized
with little regard for accuracy at the reference
value. The ideal velocity-inerement requirement
also will change only slightly, since A, is
insignificant with respeet to initial errors in
trajectory.

The minimum corridor attainable with guidance
logic optimized to reduce AV, is considered a
representative compromise in accuracy and AT’
cost. The value of AV,,=0.0088 escape velocity
with AP, of 0.001 radius is used in the next
section, where the effects of energy level and
instrument accuracy are estimated.

Effects of energy and instrument accuracy.—
The effects of mission energy level, or hyperbolie
velocity, and basic instrument accuracy on the
capabilities of the guidance system are illustrated
in figure 20, where the total velocity-inerement
requirements are shown as a funetion of the mini-
mum cfficient corridor size, as described in the
previous section (fig. 19). Lines of constant energy
are shown at 0.2, 1, and 2 (hyperbolic velocity
of 16,400, 36,700, and 52,000 ft/scc or eniry ve-
locity of 40,400, 52,000, and 63,500 ft/scc, Tespec-
tively). Dashed lines of constant instrument
accuracy are shown for o, of 0.0001 to 0.0006
radian (20-scc arc to 2-min arc, rms), and control
of the direction (and measurement of the divection)
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ou tolal velocity-inerement requirements and target
aceuracy. {(op and os equal twice omeqs; ARmaz=15
radii for ome..=0.0004 and 0.0006; AVy,, varied as
necessary; other assumed values from table I1.)

of AT is twice the basic measurement error, hut
timing errors arce fixed at the reference value of
0.01 percent.

It is necessary to increase the estimated size
ol the last correction AV 4, to prevent attempted
firing of control devices in the atmosphere in some
cases.  Also, the initial reading increment size
AR ygr is inereased from 10 to 15 radii for the larger
measurement errors to reduce the number of spe-
cial calculations. 1In other respects, the logic is
that of the reference case with APy, set to zero.
Data have been adjusted using the 99.9-pereent
curve of figure 17; therefore, the probability of
exceeding the A17,, shown is about 1 percent.

The corridor attainable with guidance logic op-
timized to minimize A1, increases more with
energy than anticipated from the standard devia-
tion of trajectory determination (fig. 8), since the
times along the trajectory are reduced while
the times required for data reduction and the
execution of corrective mancuvers remain fixed or
mcerease. Accuracy is still determined almost en-
tirely in the last inerement; and R,,, is increased,
since larger AV must be obtained with a fixed
aceeleration capability .1, in addition to the
increases due to data-reduction time.
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The AV, increases with energy level (not shown)
from roughly 0.009 to 0.014 or 0.025 escape ve-
locity for F; increases from 0.2 to 1 or 2, in
addition to the increases in AV, from 0.040 to
0.063 or 0.094 escape velocity. For measurement
errors less than 0.0002 radian rms (40-sce arc),
then, the AV, increases from about 0.05 (F=0.2)
{0 0.08 (E=1) or 0.11 (E=2) escape velocity.

As instrument accuracy is increased from the
reference value (40-sec arc), the entry corridor is
reduced. The effect of uncertainties in planet
terrain prevents further reduction, however; and,
furthermore, larger o, than assumed herein would
increase the target obtainable regardless of the
instrument accuracy. As instrument errors are
increased, the corridor size increases, particularly
at high cnergy where times along the trajectory
are reduced. Thus, the AT of the last correction
inereases to about 0.02 escape velocity (730 ft/sec).
The AV, also increases, but it should be noted
{hat instruments with an accuracy requirement
of 2-minute-are standard deviation are less precise
than current expectations.

Figure 20 is interpreted as a rough demonstra-
tion of the ability of the guidance system to
control vehicles to entry corridors of the order
+0.0035 radius (£ 14 miles, 12 Int. naut. miles)
from approach velocitics up to 63,500 feet per
second in spite of instrument capabilities of the
order 0.0006 radian (2-min arc) rms. The total
AV requirements increase, naturally, for larger
measurement errors and higher velocities, but the
total cost is still uncertain because of the residual
errors in midcourse guidance. The AV chargeable
to approach guidance is of the order 0.04 escape
velocity (1470 ft/scc) for the worst case showmn,
where the total requirement is 0.13  escape
velocity (4770 [t/sec).

These AV requirements may be compared with
the retrothrust for decelerating the vehicle without
atmospheric braking, about 30,000 feet per second
to cause an clliptical orbit and more than 60,000
feet per sccond for a low-velocity landing or
entry.

CONCLUDING REMARKS

The optical guidance system is considered ca-
pable of controlling vehicles to entry corridors of
the order %5 miles (10 miles high) if instruments
accurate to about 40-second-are rms are used, or
to about 415 miles using 2-minute-are instru-
ments. Improved instrumentation will not result

in smaller entry corridors than about the maximum
uncertainty in planet terrain, assumed to be 0.8
mile rms for evaluation purposes and preventing
high success probabilities for corridors less than
+2 to 2.5 miles. Increased mission energy, or
velocity, tends to inerease the minimum corridor;
for example, increasing the hyperbolic velocity
from 16,000 to 50,000 feet per second roughly
doubles the size of the smallest corridor that can
be attained efficiently. The corridor sizes are
generally well within the acrodynamic capability
of lifting entry vehicles (vefs. 1 and 18 to 21).

Relaxation of entry-corridor-size specifications
above the values indicated has only minor effects
on the total velocity-inerement requirements.
Some reduction in system component requirements
can be obtained, however.

Veloeity-increment requirements due to Inac-
curacies in the approach guidance system vary
from about 200 to 1500 feet per sccond over the
entry-velocity range from 40,000 to 63,500 feet per
second and instrument accuracy range {rom 40-
second- to 2-minute-arc rms. To this velocity-
increment requirement must be added the cost of
correcting residual errors in midcourse guidance,
assumed herein, but contributing velocity incre-
ments as high as 5000 feet per second or possibly
more, if midcourse guidance is not used (ref. 22).
Unpublished analyses of mideourse guidance sys-
tems with component accuracies comparable with
those herein have been made by the authors.
Results indicate that an ideal velocity increment
of 150 to 500 feet per second may be required to
correct residual errors from such a midcourse
system. Even smaller requirements may result
if a system such as that described in reference 8 is
considered.

For the purpose of rough estimation, total
veloeity-inerement requirements, with systems of
accuracy level 40-sccond-are rms, can be con-
sidered of the order 1 percent of the entry velocity.

The ability of the system to guide efficiently
using instrumentation of modest capability is
principally the result of allowing multiple correc-
tions to reduce trajectory errors at long range
where velocity-inerement costs are lower. The
maximum number of corrections required can be
reduced to, say, 6 through the optimization of
guidance logic with little additional cost in total

velocity-inerement  reauirements.  The  decelop-
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ment of propulsion devices capable of multiple
firing with ligh reliability is considered necessary.

Engines may be as small as needed to accelerate
the vehicle at a rate of % foot per second squared,
though larger acceleration capability results in
increased tolerance to other system component

errors. Minimum engine size increases with in-
strument errors, mission velocity, and data-

reduction time requirements. Corrective maneu-
vers are exccuted perpendicular to the direction
to the planet and so will vary in direction with
respect to vehicele velocity,

The individual velocity increment, which varies
up to the maximum requirement for correcting
assumed initial errors in trajectory, is interpreted
hercin as the change in firing time for fixed
acceleration-rate devices.  Attempts to reduce the
maximum individual veloecity increment result in
increased total velocity-inecrement requirements.
The individual corrections just prior to entry must
be variable from zero to about 700 feet per second
in extreme cases or to 150 feet per second with
lower mission velocity or smaller instrument errors.
Except for the final trimming correction, very
small velocity inerements are omitted to reduce
the maximum number of corrections at no cost
in total velocity increment or guidance accuracy.

Tolerance of the system to errors in controlling
and measuring the direction and magnitude of
corrective mancuvers can be large (of the order
0.1 radian and 10 percent rms) and so should

causc no new measurement or attitude control
problems. In addition, attitude control or posi-
tion monitoring between the 15 to 20 readings is
not required, but an attitude knowledge may be
desirable to avoid search modes before reading
and to make oblateness corrections in  data
reduction.

The time available for data reduction may be as
high as 20 or 25 minutes using 40-second-are in-
struments for an entry velocity of 1.1 escape
velocities at Earth, Venus, or Mars. The time
available decreases with increased mission velocity
or measurement errors and with decreased engine
size or entry-corridor size. Twenty minutes may
be insuflicient for Earth-based computation when
approaching Mars or Venus bul is more than
sufficient for vehicle-contained computers.

Guidance logie, including the rate of data
sampling and the use of dead band and damping,
can be used toreduce the total velocity increment,
the number of corrections, and the number of data
reductions, or to increase the target accuracy and
the tolerance to errors in system components, but
not necessarily simultancously. For the subject
feasibility study, a reasonable compromise is used;
but, for a specific system, the guidance logic
would be optimized to the eriteria of interest or
to eliminate problem areas.

LEwis REsEsrcH CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CLEVELAND, OHIO, December 19, 1960



APPENDIX A

SYMBOLS

Underscored symbols are used to symbolize

matrix notation.

Matrix terms are not sum-

marized here, however, but are developed in
appendix E.

A,B,C

A,

kDFIJ

kr
M

N

or 17,

<Y XN

By =
&

E

angles in triangulation of basic data
(appendix ()

nondimensional acceleration capability
of vehiele control propulsion engines

sides of triangle opposite angles A,B,(
in reduction of basic data (appendix
)

nondimensional total energy per unit
mass (eq. (5))

total energy per unit mass;diserepancy
in appendixes D and E

function

universal gravitational constant

nondimensional angular momentum
per unit mass (eq. (6))

angular momentum per unit mass

dead-band coefficient in guidance logic
(eq. (19) or (20))

damping coefficient in guidance logic
(eq. (22a))

target-miss confidence coefficient in
guidance logic (egs. (21) and (22b))

step-size coefficient in guidance logic
(eq. (18))

mass of target body

rank from maximum value (eq. (23))

number of corrections during approach
or number of additional vehicles to
be considered (eq. (23))

number of vehicles in sample from
which prediction is made (eq. (23))

nondimensional perigee range, 7,/7,

nondimensional range, r/r,

range, miles

time, sec

nondimensional velocity, v/v,

velocity, miles/sec or ft/sec

coordinates

mean number of execcedances over
rank m (eq. (23))

2

8

QMO’()

g

T

Tgo
ATgiop
@

w

substituted quantity (cq. (D4))

angle from normal to R to AT (fig. 23),
radians

angle from normal to R to V" (fig. 1),
radians

finite difference; inerement

finite difference due to errors

eccentricity

angle from perigee to range (fig. 1),
radians

angle from vehicle z-axis to line
between two stars (appendix C),
radians

standard deviation

nondimensional time, tv./7,

nondimensional time to perigee passage

reoricntation time

angle from inertial reference direction
to range (fig. 1), radians

angle subtended by apparent disk of
planct (fig. 3), radians

Subscripts:
Capital letters used as subscripts refer to the
notation of the primary symbol.

a
atm
cut
des

end
ex
h

id
last
limit
max
meas
min
nom

P

actual
sensible atmosphere
last data point (eq. (17))
desired
escape
first point in final reading pair
expected from calibration data
hyperbolic
nitial
ideal
last point
entry-corridor half size
maximuin
measured, measurement
minimum
nominal
al planet surface
perigee
in radial direction
39
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tar
tot
v
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variable normally positive but used 0
with sign to indicate direction of  Ar

rotation (appendix D) Ag
target 0
total 1
vehicle
in x or y direction 2

excess (eq. (25))

in circumferential direction

time increment

angular displacement

at planet center; zero

before thrust; first data point of read-
ing pair

after thrust; second data point of read-
Ing pair



APPENDIX B

ANALYSIS OF TRAJECTORY MODIFICATION

Discussion of corrective mancuvers is treated in
three parts. First, the methods by which the
desired AV is obtained and the basic cost of
idealized maneuvers are illustrated. Second, the
effects of inexact control of the desired velocity
increment on the trajectory after correction and
the basic sensitivity to control errors are briefly
considered. Finally, the significance of errors in
measuring the resultant AV alter execution and the
effect of these measurement errors on knowledge
of orbital elements are studied.

DESIRED VELOCITY INCREMENTS

The velocity increment is assumed impulsive in
effect; that is, AV is applied for relatively short
periods of time compared with trajectory times.
In order to maintain a first-order functional
approximation of the time required to correct the
trajectory with finite propulsion devices, however,
the execution time Ar is considered. Assuming a
constant acceleration capability A,, the execution
time is

AV

AT:I—L,-

(B1)

These assumptions permit closed-form caleula-
tion during corrective maneuvers rather than
stepwise integration along the trajectory. Where
AV is small and A, relatively large (so that Aris
short), the crrors introduced should be negligible.
If, though, significant errors occur, the computed
results will be in error in a direction tending to
underestimate system requirements.

It is of major importance in guidance to mini-
mize total AV requirements for the approach phase
of a mission. It is logical, then, to minimize AV
for individual corrections. The iterative solution
for optimum perigee modification is discussed and
evaluated in reference 23, where it is also shown
that the optimum correction is accurately ap-
proximated by applying A1 normal to range, or in
a circumferential direction. The tedious, itera-
tive, optimum solution is then replaced by a direct
caleulation. The circurflerential AV is sufficiently

close to the optimum that no further justification
for its use is necessary. But, aside from the ob-
vious simplification in analysis herein, the simplifi-
cation in computing and control aboard a vehicle
makes the use of circumferential corrections
desirable.

Initial trajectory

Radial component
of velocity, .
A

\‘“—Circumfergnﬁcl
velocity increment,

AV

\
\

Final trajectory-

Final perigee, ,3_\ _,L-lnitiol perigee, }?

Fraure 21.-—-Circumferential corrective maneuver.

Using the notation of figure 21, the components
of velocity are
Ve:g (from eq. (6))
(B2)

V,=R=V sinvy

so that, for circumferential trajectory modification
where V7, is constant and I,=FR,= R,

I1,—11,

AI7=170,2—I/78,1= )&

(B3)

41
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Solving cquations (5a), (6a), and (7) for angular
momentum,

H= £ \PEFP (B4)
where the sign is determined from the direction of
rotation of the vehicle around theplanet. Using
the components of velocity in the energy equation
(5) for any point on the trajectory,

— 7 1 2k 1 EZ— 0 1_ P2E+I’
=Et5—1 i=Et g =Et =
(B3)
Equating 3= 13 and solving for 7,
¢ 2_ 2 g )
=ta® ij ;;P P B6)

which is used in equation (B4) to find 77,, and AT
can be obtained by equation (B3). Thus, the
velocity inerement is direetly computed knowing

Velocity increment, AV, escape velocity

L L
00l 4 6 0 20
Range, 7, radii

e

{a) Variation with range; P;=2 radii.

Frarre 22.---Velocity-inerement cost of corrective mancuvers.

the initial trajectory elements 7, and I, the
desired perigee P, and the range of the impulsive
correction.  (Where /2>P the change in (ra-
jectory energy is small relative to the change in
perigee, P,— Py, and AV is readily estimated using
equations (B3) and (B4) with energy constant.)

An example of the AT cost of perigee modi-
fication is shown in figure 22(a) on logarithmic
scales as a function of range. As indicated by
the dashed curve, the AT is approximately in-
versely proportional to range except close to the
perigee of the initial trajectory, in this case 2
radii.  The initial energy is 0.2, representing a
hyperbolic velocity of 0.45 eseape veloeity.  The
cost of correcting the assumed error of 1 radius
(4000 miles) varies from 0.006 (220 ft/sec) at 100
radii (400,000 miles) to 0.4 (14,680 ft/sec) at 2
radii, the perigee of the initial trajectory.

It is apparent from figure 22(a) that correetive
mancuvers should be executed at as long range
as is feasible, and that the AV costs of delaying
action become substantial, even prohibitive, as
range decreascs,

The variation of AV with the error in trajectory
is shown in figure 22(b), where the error AP varies
[rom large positive values, 8 radii (32,000 miles,
28,000 Int. naut. miles), to large negative values,
which represent the opposite direction of rotation.
Results illustrate AV for correction at 100 radii
(400,000 miles). The increased slope near AP of
— 1 reflects the nonlinearity in the parameter P as
it approaches zero.  The dashed curve shows the

O
o

T

Direction of rotationiz
Specified
Unspecified

R

O
X

Velocity increment, AV, escape velocity

2 0 2 4 6 8
Perigee error, A P, radii

(b) Variation with initial error; =100 radii.

Initial energy, 0.2; P;=P,,,=1 radius.
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AV required to correct to a perigee of 1 regardless
of the direction of rotation, and reflects the in-
creased cost incurred by specifying the direction of
rotation in the target of guidance. The difference,
for perigee errors greater than —2 radii, is about
0.022 escape velocity (800 ft/sce) in figure 22(D).

The AV illustrated can be considered the ideal
AV required to correct the trajectory. The same
method is used by the vehicle computer to compute
desired corrective action.  As will be considered
shortly, the knowledge of range and orbital ele-
ments P and Z available to the vehicle results
from measurements including errors.  As a result,
the final trajectory is expected to differ from the
desired trajectory.

EFFECT OF ERRORS IN MEASURING VELOCITY INCREMENT

Variations in the dircetion Bu.es of the resultant
AV eas [rom the desired circumferential correction
AVues (Baes=0) are shown in figure 23(a).  Assum-
ing smull directional errors, the components of
velocity after correction are

Vr,2:R2:R1 +AV’meas sin Bmexs

: (B7)
VH, 2:1292: R01 +AT'7meas cos ﬁmeas

(a) Notation.

TiqUrE 23.—Effect of errors in corrective mancuvers.

Substituting into equations (5) and (6), the orbital
clements after corrections are

I,= (]?l +AV sseas sin 6mcas)2

(R +AV peas €OS 6,,1(@)’—% (B8)

H,=R(R6:4+AV peas €0S Brneas)

from which the perigee P; can be found with the
use of equations (5a), (6a), and (7).

Knowledge of the resultant velocity increment
is hypothesized to result from an inertial measure-
ment  scheme using accelerometers and  gyTo-
scopes. The control scheme hypothesized is
shown functionally in figure 23(b). The desired
corrective manecuver (AVy.,,B4.,) Tesulls in some
actual correction (AV,,B8,), which is indicated
as the measured correction (AV ,eanBmeas) due 1o
measurement errors AT and §3. The modified
trajectory is computed using equations (BS),
AV meas, ond Brcas.

The effect of measurement errors on the modi-
fied trajectory can be estimated as follows.
Linearizing equations (B8) and writing in terms of
small finite errors give

5E2:2 <R2A"Ymeas cos 6meas

17,

— A"Y,,,ms Sin Bmcas) 66
B

L 11, > (BY)
+2 (Rz SiN Breas+ py €OS ﬁmm> sal”

aII.Z: (R cos Bmeas)a'ﬁx'7
- (RA"Ymeus sin Bmcas)aﬁ

For small errors, assume

SIN Byeas 2 Bneas) €OS Bimeas =1

Then, simplifying and dropping second-order
terms,
S Ey=2(RE3 AV + 1, AV 1.0,88)
(B10)
SH,=15AV

Finally, since the perigee s significant to the guid-
ance problem, the angular momentum is elimi-
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Vehicle knowledge of trajectory

Actual trajectory

Fll Ales Pa. |
EI B des Eo,l
Alegs= Blges AV,
Bmeos -~ B aes 8 o

Control devices

Control errors
5 (Al

meas

8 (ﬁmeas - Ba‘es)

_AVdES)

Avmeas
Corrected trajectory _ Bmeos Measurement Corrected trajectory
(measured) . devices (actual)
1
Meagsurement | P
P errors | a,2
2 8AV= AV, -AV . I ‘ Eg2
E?- 8B = By~ Bress =
|
. Measurement I
Estimated error due calibrations |
to carrective o |
maneuver 8B ex :
T8AV, ex |
{
__l
% %,2 (b)
£. %2

{b) Schematic of control scheme,

Fiaurg 23.—Concluded.

nated using equations (5a), (6a), and (7) as

au::f (211 ,61T,— P35 Ey) (B11)

where ¢ is the eccentricity, Simplifying, and
noting that f?ziy’l?z is always positive for the
inbound vehicle,

P2 [(1 —1;2) HzRsax«upgl?gﬂ’,,,msaﬁ]
) (B12)
m,

H 6A‘v+ I?ZA‘ymea.vaﬁ)

The significance of AV measurement errors is
considered in detail in reference 23.  The major
effects ean be determined here by inspection of
equations (B12). The directional crror 88 is

Effeet of errors in corrective maneuvers.

-

dominated by the coefficient AV,,.4, in hoth equa-
tions, so that for small corrections the cffect is
small. In addition, the radial velocity IR is
small at long range where large corrections may be
used. The error in measuring the magnitude
sAV may coniribute significant uncertainty in
energy at short range, but less as range increases
in the denominator.

The most important effect is that of A7 on the
perigee at long range where correction to the
desired trajectory is advantugeous with respect to
AV expenditure (fig. 22).  This is not surprising,
however, since AV is applied in a direction chosen
to permit perigee modification with minimum AV
expenditure (i.e., a direction in which the perigee
18 sensitive Lo AV).

Uncertainties in the knowledge of the orbital
elements available to the vehicle can be ex-
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pressed as variances o% and o, as considered in
the ANALYSIS section. Assuming that the
magnitude and direction errors are uncorrelated,
and that the standard deviations oy e and
0380z Of the measurement instruments are avail-
able from calibrations, the uncertainty due to
measurcment rrors in corrective maneuvers is,
from equation (B12),

2 2 h
Ug,:[% (1_%;) ILR] v es

2 :
+[: PgRL’Axfm"as] U§3 ,er ; (B 13)
201, A )
U%:[[Tl] Ugav,e:‘f'[Rzﬁ V mmx]zo'SS. e2
t /
The increase in uncertainties in trajectory

knowledge, expressed as o} and o3, is dependent on
the crrors in the measurement instruments
asav.ex and osg .z, the size of the measured velocity
increment AV, the trajectory after correction,
and the range. The control errors influence the
variances only indirectly.

EFFECT OF CONTROL ERRORS

In most closed-loop control systems, a strong
control feedback is used to cause the measured
output to agree with the desired value. Tt is
desired in most systems, morcover, to obtain
perfect correlation of AV meas,Bmeas WIth AV ues,Baes;
and any differences result from small errors in
calibration of cutoff decay curves or dynamie
response limitations in the control system. In
current practice, however, this precise control 1s
often attained using systems requiring substantial
power supplies and violent cutoff techniques. Tt
is of interest here to investigate relaxation of these
requirements. To do so, differences in the meas-
ured correction AV eqs,Bmeas and the desired correc-
tion AVi,Bees arce assumed uncorrelated with
measurement errors. In other words, errors in
controlling the AV are considered independent of
crrors in measuring the resultant correction.

The cffects of errors in control action, oz and
oav, have been shown with numerical results in
figure 14.



APPENDIX C

ICOMPUTATION OF RANGE AND ANGULAR ROTATION FROM BASIC MEASUREMENTS

The following discussion of range determination
using the apparent size of the planet assumes
visibility of the entire disk, inferring that some
wavelength is used that permits definition of both
light and dark sides of the planet. The more
complex methods required when only a crescent
is visible are presented in reference 8. Tt is also
inferred that sharp definition of planet boundaries
is possible, which may require quantitative cali-
bration of fringe effects.

The measurements picked from the hypothetical
mmage were indicated to include the maximum
and minimum intercepts of the planct along some
vehicle reference axes, say 2, and y,. The two
values of apparent size of the planet are

Wr= L ez Topin .
} (1)
@y Ymaz— Ymin
Simply averaging the two values,
W, w,
o=t (C2)

2

where the image is considered scaled in radians
to avoid writing a scale factor in cach equation.
The range is

R )
R=- 2 __ :
"Tsin (w/2) (C3)
where the nominal value of B, is 1 radius. Con-

sidering uncertaintics in planet size or local
terramn as well as in the measurements, the error
in range is

ort dR

oR,

12, cos (w/2) dR,

2 sin? (@2) "7 sin (02)

dl::%f oot

(C4a)

which simplifies by virtue of equation (C3) to

IR=—" T dot R dR,  (Cib)
where
dw:%(d;r,,,az—df,,,m+dy,,m—-dym[,,) (C5)

46

Assuming now that the four basic points have
uncorrelated normally distributed errors of equal
Tmeas, and noting that the sum of normally dis-
tributed values is also normally distributed with
the standard deviation equal to the square root
of the sum of the squares,

1

—
— ! —_
To=5V\ 40 00s= T meas
-’

The uncertainty in range, approximated in terms
of finite differences due to errors, is

iy
SR=R (_\1?_21 6,“,,8—{-»6]?(,) (C6a)

Then

5"!?03: Ulnfus [5] (07)
where [8] is a normally distributed random error,
and each [8] is different,

= T Ty00 18]+ Rom 8] (COD)

and the varianee in range determination is

R¥R2—1)
\ ‘ 2
Cr%f=¥’ T O'Enfau +R2616, a

. (C8)

The determination of A¢ [rom two sueccessive
readings requires the use of a matching pair of
stars, say 1 and 2, as well as the two sets of planet
data (sketches (a) and (b)). The center of the
planet (x,7) is

!
T max 5 Fmin

Ly== ——
(C9)
:’/02 ?/mq{;" ?/min
J
and the sides of the triangle are, for example,
bz\/n(r-ric;rﬁiﬂtzi’/cfyoy (C10)
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Stor |

y axis

X axis
{b}

The angles of the triangle can be found using
the law of cosines. For example,

(C11)

B—cos~! (W)
2ca

From two such readings the angular displace-
ment in the plane of motion Ae is

Ag= -+ (2L c2-—2eie; cos | Bi—DB:)*  (C12)
The plane of motion relative to the line between
stars @ 1s

s (36
i

|
2(,1A¢ +IB1A7F

(C13)

which can be related to the vehicle axis at time
2 for the purpose of orienting relative to an
inertial system for use in corrective mancuvers by

—yan-t (Y Y
# tan (‘rb—xc)

A suitable sign convention is required to estab-
lish the directions of A and », but problems would
not be anticipated.

Errors associated with the determination of
A¢ and n are difficult to assess because of the
dependence on the particular positions of stars
used. Tt is readily shown, however, that, if
the stars are in the plane of motion, the maximum
accuracy with a given measurement error is
obtained. .

Assume, then, that the vehicle has the ability
to pick stars near the plane of motion. As an
alternative, consider the recording of many
stars, with the final caleulation using those
found in the planc on previous check calculations.

The calculation of Ag then becomes, still con-
sidering the image scaled in radians,

y _1 Imar+fnlin . 'rmar‘!__lﬂ
Ae=3 [( 2 ) 2 Te),

'rmar+1'nzin ) (Imuz—}"rmin B ) ]
T R
ey '), 2 ),

1
:_{ [J‘maz—}':rmm—‘ (I¢+Ib)]1— [Ilrzu+zm1n

(C14)

9t
— (x4 25)]2} (C15)
Therefore,
1
6A¢:‘2' { [6'Tlnaz+6-rmm_ (a-rc + 510)]1
—[afn;az+5fmin— (61'5‘!?5-1'»)]2‘5 (CIG)
2 1, a 2
0'5‘2:?4_ (,4aplanet,+4o'stur)
:o[g)lanet+63m1' (C ]7)
029= TZnee + e (C18)

Therefore, the error in Ag is equally due to errors
in observing the planet and observing the stars.
For the hypothesized measurement scheme, the
accuracy in reading data is equal; thus,

Orp= \’Qdmm.v



APPENDIX D

DETAILS OF COMPUTATION METHOD

Time and time increments along the trajectory
are required repeatedly in ealeulation.  The inte-
gration of conic equations is indicated here so that
duplicate presentation can be avoided clsewhere.
In general, however, the methods of computation
are presented approximately in the order used in
calculation. From angular momentum and the
polar equation for a conic section, in nondimen-
sional form,

oy 2 e
II=R%—=PR* dr

2H? (D1)

1=
1+4€ cos @

Proceeding parallel to methods of references 5

and 6,
J:) dT“ﬁ

where limits of integration are chosen to yield the
time from any point given by R (or §) to the time
of perigee passage. Results of integration in terms
of the variables used herein for elliptic, parabolic,
or hyperbolic trajectorics are shown in reference 2.
Restricting this analysis to the hyperbolic ap-
proach, the result of integration, after simplifica-
tion, is

1 1, (2)+ER +E R+z
Teo™ o3z [z""i In -

R2d<p (D2)

] E>0 (D3)

where

z=[E( P+ E(R—P)| (D4)
and 2 is strictly a dummy variable to indicale
substitution. This solution can be represented in
funetional notation by

Teo=Tg (D, I, R) (D3)

From knowledge of orbital clements P and 7,
the time from range I to perigee passage is com-
puted in closed form, Closed-form solution is
not available, however, to compute range knowing
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P, K, and r,,; therefore, an iterative solution is
used. Since trial values R, and 7,, are available
herein  from previous computation, the first
approximation is made (using an arbitrary con-
vergence cquation in licu of 0R/d7) as follows:

R=P+(R—T") (’@0 M) (D)

Tgo,1

where 7,4, 1s the time for which range is desired.
The iterative loop is then

Tgo:Tgv(PyFJ;R)

R P+(1.—P)( Tz“ (D7)

Tga dea

?
Tgo™— Tgo,des

until the desired accuracy is obtained. The
iteration is rapidly convergent if the starting
conditions are acceptable; namely, £>0, 7,>0,
and R>>P2>0. Digital rounding prevents ac-
curacy greater than 5 of 8 figures unless additional
care 1s used. Solution for range knowing time
and orbital elements is functionally noted as

R=R(P.Fo;7,,) (Ds)

and refers to the iterative solution.
CUTOFF CRITERIA

Since active guidance is cut off only when no
[urther corrective mancuvers can be accomplished
before entry into the sensible atmosphere, cutoff
criteria simply limit the time (or range) of the
last data-acquisition points, By assuming ve-
hicles close to the target trajectory, it is possible
to precompute the time of cutofl rather than to
include computation in the logie of each sample
vehicle.  The assumption should be valid, since
guidance that uses sufficient AV to modify the
energy or that does not have vehicles near the
target at cutoff will be unacceptable regardless
of cutoff approximations,
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Noting first that all corrective action must be
completed Dbefore entry into the sensible at-
mosphere, and assuming Rypm=1,+0.02 (80
miles), then

Tgo.at'n:Tgn,atm(Ptar;E;Ralm) (D'&‘)
Sufficient time for data reduction, orientation of
the vehicle to execute a correction, execution, and
reorientation to entry attitude must be provided.
The time of the second point of the last pair is then

AV
Tgo,cut™ T go, alm+Awap+ AMSZ (D())
0
and
Rcul:Rcut(l)taryE;Tgo,cuz) (DSH)

The first point of the last pair should precede the
sccond by the specified minimum increment of
{ime Argomin. Thus, no reading increment should
be initiated after

(D10)

Tgo.end™ Tgo,cus +A7'ga, min

which is used in guidance logic by specilying the
range ol last initiation as

Rend:Rend(PtanE;Tgo, end)

INITIALIZATION OF VEHICLE RUNS

(D8b)

The nominal values and standard deviations for
residual errors resulting from previous guidance
are assumed. Denoting normally distributed
random numbers by [8], where cach [8]is different,
the actual or true trajectory is generated as

Re=Ront o nomld]
E.=FE,ont 0k nonld]
Po:=P om0 p, nonld]
Poy=0p romld] g (D1D)
P=vPi .42,

Paz' e S
”). }\P‘&Ea+l)a
a, zx 7

1

1=

where the actual perigee P, is generated as a
normal bivariate distribution around the nominal
point (Ppom,0). The sign of angular momentum
IT, determines direction of rotation around the
planet, where the target trajectory is considered
to have positive rotation.

Some additional properties of the actual trajec-
tory are computed as

e=1+2P,F,
Tgo,a™ Tgo,a (Pa:Eu:Ru)

(D11a)

and, from the polar equation for a conic trajectory
(eq. (D1)), the angular displacement fromYthe
perigee, the true anomaly, 1s

f,=co3™! 1 2]]_;_ 1)

e \ 1,

(D12a)

where 8, is in the first two quadrants when 7, is
positive, but

8,—2r—0, (D12b)
when 77,<C0.

IDEAL VELOCITY-INCREMENT CALCULATION

The ideal velocity inerement AV, is herein
defined us the minimum AV required to correct
the initial trajectory, at the initiation of guidance,
to within the entry corridor. The initial error in
perigee 18

o,

AP=775% PP

Vs (D13)

When AP L AP i, no AVisrequired.  In general,
AP
I, id:P!ar+iTm AP imis (D]4)

So the ideal correction is to thojn(‘au' boundary of

the entry corridor. Then,
=T
M, 0=+ T3l et Pra (D16)
R (D17)

The AV represents the minimum requirements
of AV {0 correet the assumed error in perigee at the
assumed initial point R, and with the assumed
energy I, AV can be considered the cost of
residual errors in mideourse guidance not charge-
able to the approach guidance system.

STEP-SIZE LOGIC

TTenceforth, discussion will consider the n'®
inerement of computation and guidance logic.
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Initially, the first step or reading increment is
based on assumed {irajectory clements. The
effect of other assumptions on the step size is not
considered herein, and P,, and F,, are assumed
equal to P, and 7., When knowledge is
available to the vehicle, the step size is based on
its current best estimate of trajectory elements.
In any case, the range of the first point of the
reading pair is measured. The measurement is
simulated in computation using the true range R,
and the assumed measurement errors. From
equation (C6b),

RJ_:R‘;‘] 1 ’\Ral

2 Umeax[a +0'R 0[6]) (D].S)

If R,<<R,.s, however, sufficient time to complete
two reading increments and corrections is not
available, as discussed in the previous section
“Cutof Criteria.” Logic is then modified for the
final increment, following which the approach is
thus terminated, and the results of the guidance
problem are tabulated statistically. When ;>
Rng, time remains and computation continues,
using only knowledge available to the vehicle:

e=1+2PF
m:=pP:E+p
n=n({l,E,R)

(D19)

The desired range of the next reading R, is
tentatively computed as shown in figure 10:

R\(1—kz)

D2

R,=the larger of

so that cither the proportional increment or the
maximum allowable increment AR, is used,
whichever leads to the smaller increment. The
time at 72, 1s then

72:1'2(])}]'7,]])) (Dlga)
and the inecrement of coasting flight is then
Ar=the larger of {71-72 (D21)
Tmin

so that the minimum step size, in terms of time,
is used to prevent bad readings or undesired short
increments. Since the proportional step sizes

are usually larger than Ar,;, steps, this logic is
seldom used.

The vehicle is considered to coast for the period
A7 as indicated by its clock. The actual coasting
period is

At ,=A7(1+0a.]8]) (D21a)

where the crror is considered proportional to the
time increment and [§] is again a normally dis-
tributed random number. The true time of the
second reading is found as

!.7go,2:‘T;o.l_A7go (D21b)
and the range R, , is obtained from the iterative
solution of the time equations

Ra,'."_— la.z(Pa,Ea‘ Tgo,a.?) (DSL)
The measured range 7, and the angular displace-
ment from the perigee 6,; are obtained as pre-
viously (eqs. (C6b) and (D1)). The measured
angular increment is generated as (from eq. (C18))

A‘Pzea,l_aa.Z+Umeas,1[a}+a'meas,2[6] (DQQ)
where the errors due to planet and star sightings
arc considered independently.

The expected crrors in measured values are
obtained using the stundard deviations from ecali-

bration data,

-

2
ho— Rt (Ri-D) B yay,

2
032‘2:]?3[(]?3—1)&"%'1'93-{-0%.0..”] > (D23)

2 __ 2.2
a.’!r‘*AT UAT, er

2 _ 2 .4
Oae™ Ormeas, I,t:+ameas. 2. ex J

and the terms required for data reduction are
complete.
DATA REDUCTION

The condition equations for this study are
_ng,lzgl
[Ap| 46, —0=¢&,

Ard1,,0

(D24)

where ¢’is the discrepancy as defined inappendixE.
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Written in terms of the variables of interest and
considering for the moment that the orbital
clements will be either parameters (v°) or obser-
vations (x°), equation (D24) is

F](Rl,Rg,AT,U,PS,EV)——“CSi D

(
Fg(lzlle,O,A@,Ps,E):éé

where the perigee range P is used as a signed

variable to indicate the direction of rotation around

the planet. The use of the perigee in guidance
logic forces eventual computation of this element,

so that the use of a more convenient term in this ’

stage of data reduction only delays the probkm

The specific working functions used in the con-
dition equations are shown parametrically, where
in concept they should be considered as fully sub-
stituted for the variables in the preceding
functional notation. From equations (D1), (D3),
and (D4),

Ar+‘E—sﬁ<22_Z‘_ In -4i+21}7‘+1> g

z,=|EXR:-P)+ER,—DP)]'*

Ap+cos™!- ; (2H2—1>— “

e=1+4+2PK

i=1,2
),

(D26)

2[]z

IP=PF+ P,

Differentiation to obtain the coefficient matrices
of the observations and/or the unknown param-
cters, after simplification, yields the following:

1
o6 1 (1 TTI2ER 422 2ER 41
aRl— —VIE & ?

_ 1 (D274)
1 +2ER1+2 21

1
o0& 1 <1_1+2ER2+222 2FR,+1

B 2 2

Ok, JE

o0&

h_e >_ -
OP, 2\[

____i____ (D27h)
142K R,+22

oy 57

DAT_] (D27¢)

bol or

ddg (D27d)
1

+°FP|+2

1
' +2E1?2+222> (D27¢)

JoYe
OF

z;
o4 1 [l_ﬁﬁ?f p
| TR D) (1€R2+§>
R 1= 1+2r}?1+2~1
1 12ER, 122 - (Ri—P)

€ R, 3Ar
X (ER‘+§) T 1+2E1?1+221:|—§77

(D271)
et —H] T s
o \/_F;L_E (b278)
"VETR R?
‘V R, R:
a(q;;# )
dAT (D27
os; _ D, o
Shp P D27
r P
I Sl
el 1_H \/ 1 o
\/E+R2 7 Etp—Tm
(D27k)
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r o772 ¢
26 I | M7 -7
oP | [ T IR
Ve Tm
2 F72 &
£ ( /{’] ) 7
Ff‘—f ]),” 110 (D271)
Ft "
where I 2E+P->0 as the vehicle falls

directly toward the center of the planet. The
angular increment and discrepancy become inde-
pendent of R, Ry, and F, and the respective
coefficients vanish; 95/0P, approaches infinity,
however, since small changes in perigee result in
undefined or Iarge changes in ¢ and thus &. In
other words, for >0, infinitesimal changes in
Ag huve no effect on P.  In the condition equa-
tions this discontinuity occurs as a result of the
cosine function, but in the physical problem it is
a direet result of the fact that a trajectory toward
’=0 must be modified by a finite increment
before @ differs from 180°.

For the data reduction considered herein, the
occurrence of a mathematical zero perigee range
does not constitute a significant value, since data
considered are valid only to 107° at best, but
most often 107* where problems may be en-
countered. Tt is realistic, therefore, to consider

=11+l as 170
so that the unbounded slope is avoided. The
discontinuity around PP=~0 canniot be avoided,
however, and linearization is expected to be poor
in this region.

When past history is used, these coefficients
are then used with equations (E9) and (ES) in
solution for residuals. In direct solution using
the least-squares technique to obtain parameter
adjustments, equations (E6) and (E7) are used.
In cither case, the results include P, o3, E, and
o%; R, and 6%, arc availuble either as indicated
or as adjusted when past history is used.

CORRECTIVE MANEUVERS

Ouly the knowledge available to the vehicle is
used in determining and executing corrective
mancuvers. Thus, the guidance logic is based
strictly on the results of data reduction (not on

the actual trajectory, which is unknown to the
vehicle).

The indieated value and expected standuard
deviation of perigee crror are

AP:P&”’—PHU
(D28s)

— a2
Cp=y\0p

Corrective action is omitted unless both of the
following conditions are met, as shown in figure
11:

[A[)j>li’1)uﬁp

AP +hppop>ADP 0

(19a)
(20a)

so that the tentative use of thrust is considered
only if the indicated perigee error AP is larger
than the significance placed in the data as re-
flected by kpp, and the error plus the significance
opkpp 18 greater thun the entry corridor AP .

Using now the subscripts 1 for before and 2 for
after the AV, the error in perigee aflter the cor-
rection is the largor of

APlimil— kmo'l’

kpyop

so that the vehicle is corrected to “‘k,, sigmas’”
within the corridor or to “kp, sigmas” from the
target, whichever is larger. The perigee after
AV 1s then

AP

P lar+ AP'

AP, (D29)

so that the vchicle is corrected toward, but never
intentionally beyond, the target. The corrective
velocity increment is computed as indicated in
equations (B2) and (B3), where R;=R,—R.

Again,
E(n—-rhy+pr,—r .
F,= l(’!"’]pl_) el (B6)
P 2
TIz_J_P \]) [’,z—f—l) (DlBa)
- 11L,—I

The AV must be within the limits imposed (ar-
bitrarily hercin) by the propulsion devices. If
the AV is smaller than AV, thrust is omitted;



ANALYSIS OF OPTICAL GUIDANCE TECHNIQUE FOR APPROACHES TO ATMOSPHERIC ENTRY 53

therefore, for thrust to be used, the condition
required is AV > AV, If, however, A 7> AV ar,
too large an inerement is demanded, and AV is
sol to AV=AV .. In cither ease the execution
of the correction is made. The resulting AV
measured by the vehiele is generated using random
numbers,
AV peas= AV (1-+aav[8])
(D30)
Bmcas:"ﬁ[é]

and the trajectory as known to the vehicle is
computed as

ffZZI?l"i_Avymms Si“ Bmcrzs

(B7
[{Gg: 11)0] +A¥Tmeas cos 6msas
H,=R(R6y) )
Fy=REH (RO~
L
E=1+4111; g (D31)

1
1)2:‘)—172 AY 65— 1

I1,

P

Dy

7

where P, is the argument of the perigee with the
sign of the direction of rotation.

The variance of the correeted trujectory is
(from eqs. (B13) and (15))

4AV2,. [T H; 2 P
U%’:U%’_*‘ €2m lf; (RQ_P§)265V'.ez‘i—P;RiU%,a]
2

k= U%+4AV?neaa (/?30?, .ex+§712§ U?\V. ez)
e

(D32)

where the error oay and the expected error oar ..
are considered percentage errors rather than fixed
AV crrors.

CORRECTION OF ACTUAL TRAJECTORY

The actual (or true) corrective action is deter-
mined from the measured (AV,8) correction using
random measurement errors,
Axva:A‘/Ymms(l+UA",U[5]) "
(D30a)

Bu:aﬂ‘u[a]

and the actual trajectory after correetion is
computed using equations (B2) to (B4) but with
true values, P,, K, and so forth. The position
on the trajectory is computed assuming the coast-
ing period as representative of the first-order
approximations to the cffects of finite engines,

and so forth:

-
ATZATstUP+ ‘AE a!
Ar,=Ar (14 04,[8]) (D33)

Tgo.a,2= Tgo.a, 1 AT, J
Ra:Ra(PayEa;Tgo.a,Z)

The step-size logic is then repeated, and the
sequence of data acquisition, data reduction, and
corrective action is continued until cutoff logic
interrupts and signifies the final correction before
entry. The modified guidance logic is then sub-

stituted as deseribed in discussion of figure 11.



APPENDIX E
LEAST-SQUARES DATA REDUCTION

The general problem of least squares and error
propagation is treated in the literature (c.g., refs.
9 and 16). A brief discussion is presented here
only to develop the nomenelature used in analysis.
The method and symbolism are directly shortened
from those of Brown (ref. 11) and others.

Introduce first the elements 25, 23, . . . 25 of
a set of observations, and a set of unknown pa-
rameters vy, Ya, . . . ¥p. The number of inde-
pendent condition equations, m, is m=n—n,+p,
where ng 1s the minimum number to determine the
set of observations.

The condition equations are

fl(l'l, Lay o o o Tpy 1,2, - - ."Yp)ZO h

f2('[h Ty oo o Tyy Y1, Y2y o s -’Yp):(]

' rED
f”l.(lll Ly oo e Tny V1, Y2y o - -7p):0J

and

aud tapts- ... +axn'vu+bu§')’1+b125’)’z+ e +blP67p+(ﬁ:0 A
A0 +apn- ... +a'2nz)n+b21572+b22672+ ces +b2P57p+63:O

armlvl +am27)2+ LR +amnvu+bm16‘)’1+bm2fs72+ R +me67p +O@m:OJ

There are n unknown residuals and p unknown
parameter corrections in m equations, and the set
is overdetermined when m<n-+p.

The result desired is that which minimizes the
weighted sum of the squares of the residuals.
Assuming that the observations arc uncorrelated,
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The adjusted observation will be

2, =17+, 1=1,2,... n (E2)
where the residuals » are presently unknown, and

the adjusted paramecters are

7127;+67! .]:1; 2; 4 (E:ﬁ)
where the 4§ are initial estimates and the 8y, are
presently unknown corrections.

If equations (E2) and (£3) are substituted into
(E1) and the residuals and parameter corrections
are small, the resulting equations can be approxi-
mated by the zero- and first-order terms of Taylor
expansions. The diserepancy ¢ is then

6;:./1'('2‘:) IS’) v.

A Y Yy ) 1=1,2,...m

folet!
A =55

=1,2,...
dx; I=5he n

o7

bik=

r (E4)

2 vl v2
=gttt (E5)
1 2 ”

where the unit variance of reference 11 is multi-
plied out for this development, and the weight of
an observation is inversely proportional to its
variance o2,
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The diagonal matrix of the variances of the
observations is denoted as

[¢2 0. ..07
0 o}...0
U:‘Z
2
L0 0. a3 |
and
adn A .y ' €1
@ A2 Ay 2 €2
A= . , b= , &=
Amt Ao o - Ay ) A €m

are, respectively, the coefficient of the ob-
servations matrix A, the residual vector p, and
the discrepancy vector €. The coefficient matrix
of the parameters B and the vector of parameter
adjustments § arc

bu bm ... blP 5‘)’1

b.n b ... b:P &y,
§: . . . , é: -

bml bm? P bmp 5"(}:

In matrix notation equation (E4) becomes
AvtBs+E=0

and equation (E5) for the weighted sum of squares
of the residuals is

=170

The derivation of reference 11 will not be re-
peated herein. The reduced normal equations
that result are

[ET(AUAT)“£]§+_I_3T(.'1a;lT)“ézO (E6)
which can usually be solved for the parameter
corrections 8, which can then be used in

1= —A"[(AoAT) N (Bo+E))]

to determine the residuals. The covariance
matrix of the adjusted parameters is
aW:[_l_?T(AaAT)“‘E]‘l (E7)

The covariance matrix of the adjusted observa-
tions is obtained by subtracling the covariance
matrix of the residuals o, from that of the
original observations g (or o,,r =0 —0pr):

Tppr= (‘LJ) T{(AJA T l— [ET(L‘AT) - 1] T
B o) B BT (Ao ) do

For the data reduction of this analysis, however,
only special cases of these results are required to
solve for the residuals and the covariance matrix
of the adjusted observations. When no param-
eters are used,

v=—0AT(ded")7'E (E8)
oror=(A0)T(AsAT) "' Ao (ED)

When the orbital elements of this study are used as
parameters, such as is done to use the least-squares
method in direct calculation, the equations are not
overdetermined, and » and og,r are not required.
In that case only § and o are computed, and
the equations are iterated until & becomes
negligible.
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APPENDIX F

SENSITIVITY OF TRAJECTORY DETERMINATICN TO ERRORS IN BASIC MEASUREMENTS

Expected errors in trajectory determination re-
sulting from assumed errors in the measurement
systemt are presented in the ANALYSIS (figs. 6
to 9). The sensitivity to each of the component
measurement errors is considered here.

The form of illustration is that of figures 6 and
7, except that error coeflicients are shown rather
than the expected standard deviation of trajectory
clements.  Where coeflicients are multiplied by
probable errors to illustrate the relative sensitivity
to various components of the measurement sys-
tem, the usual limitations of the linearization
process should be considered. The results are
shown for a trajectory of 0.2 energy (v,=16,400
ft/sec) and 1 perigee (tungent to the surface) us a
function of AR for a scries of R,. The region
(R,,AR) of interest to multiple-correction guidance
is not noted, but is shown in figures 6, 7, or 10.

The error cocfficient. in perigee determination
due solely to the mieasurement of range and the
direction of range is shown in figure 24(a).  Since
the direction of range enters into the computation
of Ag, Ag is not considered errorless even though
errors in determination of star positions are not
considered. 'This interpretation results from the
use of the range-measuring instruments to deter-
mine the direction R and is not a result of the use
of ocgultation. Range is computed from apparent
planet size (eq. (C3)), and it has been indicated
that errors increase rapidly with range. This is
reflected in the error coefficient for perigee deter-
mination, In the region of interest to multiple-
correction guidance schemes, the crror coefficient
varies from about 1.25 with AR=1 radius and
;=12 radii to about 800 with AR=10 and
R;=100 radii. The variation with range is about
640:1. Minimum error coefficient, or maximum
accuracy, occurs with AR of the same order as
R»; in other words, Ry~1R,/2. Accuracy decreases
with larger AR because of increasing R, terms;
while, for AR smualler than those of maximum
aceuracy, large difference terins cause accuracy
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to decrease, and for AR<R, the error coefficient
is inversely proportional to AR.

To illustrate the standard deviation in the region
of interest, assume a measurement system of
0.0002-radian standurd deviation (40-scc are),
The variation with range is then from 0.00025
to 0.16 radius (perigee error of 1 to 640 miles,
0.9 to 555 Int. naut. miles).

The error coclfficient in perigee determination
due to errors in slar-position measurement is
shown in figure 24(b), The sensitivily to Ae is
not illustrated, only that portion of Ap due to star-
position measurement or, in other words, only the
portion not eontributed by range instrumentation.
The rapid inerease in error coefficient with range
is again noted in figure 24(b). Maximum accu-
racy occurs with very large step sizes, and for
ARKR, the error coeflicient increases approxi-
mately as 1/AR. Tor R,=1.2 and AR =1 radius,
the error coefficient is 1.1 radii per radian, or
about 0.00022 radius (0.9 mile, 0.8 Int. naut.
mile) assuming errors of 40-second-are rms. Simi-
larly, for R,=100 and AR=10 radi, the ecrror
coefficient is 800 radii per radian, or 0.16 radius
(640 miles).

In the range of interest for multiple-correction
guidance, the uncertainties in perigee determina-
tion due to range sensing instruments and star-
posilion sensing instruments are of equivalent
significance, varying less than 1.2:1. The meas-
urement scheme hypothesized in this analysis,
however, measures star and planet positions with
the same instrumentation.  The error cocfficients
are illustrated separately to permit a brief look at
other possibilities, such as the use of an inertial
reference direction determined with precision
position gyroscopes (refs. 17 and 24). With
cquivalent sensitivity for errors in the planet
observations and errors in inertial reference direc-
tion, increased errors in cither portion will be
reflected in reduced performance of the guidance
system. Gains in system performance up to 30
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(b) Frrors due to star-position determination,
Ficure 24.—Continued. Probable errors in perigee determination.  Perigee range, P, 1; encrgy, 0.2.
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or 40 pereent, however, are possible il errors due
to the gyroscopic or star-tracking system are
significantly less than errorsin the range-measuring
system.

The error cocficient for perigee determination
due to orrors in the optical system as hypothesized
in this analysis is shown in figure 24(c). At large
AR the errors due to range measurement are much
larger than those duc to star-position measure-
ment, and the curves assume approximately the
shape of figure 24(a), with broad regions ofl AR~
21, yielding near-optimum error  cocfficients.
Tn the region of interest to the multiple-correction
scheme presented herein, the error coefficient is
roughly 42 larger than for cither of the component
measurements separately (figs. 24(a) and (b)).
Thus, at ,=1.2 radii and AR=1 radius, the error
cocfficient is 1.7 radii per radian; and at I,=100
and AR=10 radii, it increases to 1150 radii per
radian.  With a measurement accuracy of 40-
second are, these become uncertainties of 1.36 to
920 miles rms.

The optical system as hypothesized herein ob-
sorves the surface of the target planet. The
sensitivity of perigee determination to uncertain-
ties in planet size or terrain is shown in figure
24(d). For short range and large AR the error in
perigee approaches the uncertainty, but for small
inerements the error coefficient increases inversely
with AR, With ,=1.2 radii and AR=1 radius,
the orror coeflicient is 1.7 radii per radius; and,
with 2,=100 and AR=10 radii, it increases to 5
radii per radius. At long range this error sensitiv-
ity is small and usually insignificant with respeet
to others errors. The assumption of distribution
shape and numerieal size of planet surface uncer-
tuintics is subject to question. In mo case, how-
ever, can guidance accuracy exceed the knowledge
in the observed portion of the target planet.
(Herein, the surface is used.) Thus, if the un-
certainty is assumed as 0.0002 radius rms, as
herein, the error hecomes 0.00034 radius or 1.36
miles tms. In other words, by assuming an
uncertainty of 0.8 mile rms, the minimum corridor
attainable with high success probability is about
1 3¢3<0.8 miles, or roughly a 5-mile altitude, even
with otherwise perfect systems.

The value of planet surface errors assumed is
intended to represent the uncertainties that might
occur approaching Earth where mountains 4 miles
high may be observed occasionally and the average

terrain may vary from sea level to 1.6 miles or
+0.8 mile. This error would not be representa-
tive of errors due to cloud cover or due to planet
oblateness. Judicious choice of optical wave-
lengths is one possibility of avoiding cloud-cover
problems, and oblateness can be considered in
data reduction if a rough knowledge of range
orientation with respect to the equatorial plane is
available.

The final measurements used in perigee determi-
nation are time increments.  The error coefficients
of timing errors are shown in figure 24(e) for errors
assumed proportional to the time inerement.  The
sensitivity to errors in timing is of the order of 1
deeade less than that of the optical errors. For
example, with R,=100 and AR=10 radii, the
probable error is 1.4 radii; and, for R,=1.2 radii
and AR=1 radius, it is 0.4 radius. With the
assumed error of 0.01 pereent (9 see per day),
expected errors are 0.56 and 0.16 mile.  As a re-
sult, timing errors are negligible in effeet on perigee
determination.

The combined effects of errors in measurement
on the accuracy of trajectory determination are
shown in figure 6(x), illustrating the op resulting
from the components as just discussed, and figure
6(b), illustrating the og as is considered next.

As the guidance problem is considered herein,
the trajectory energy is not controlled during the
approach to an entry corridor. The accuracy
of energy determination is of interest, however,
because £ is used in determining corrective ma-
neuvers, maintaining the history of past data re-
ductions, and computing the time increments of
the sampling-rate schedule. To simplify the
interpretation of sensitivities in the determination
of trajectory cnergy, parenthetical values are
oxpressed as the changes in entry velocity for an
approach to Earth.  The nominal value is 40,400
feet per second for £=0.2.

The error cocfficients for energy determination
due to errors in range measurement, star-position
measurement, and measurement using the optical
system as hypothesized herein are shown in
figures 25(a), (b), and (¢), respectively. The
characteristics of the variation with range and
range-increment size are similar to those illustrated
in figure 24(a) for the sensitivity of perigee
determination. The effects of star-position errors
(fig. 25(b)) are different from those previously
illustrated in that range has very small effects,
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(d) Frrors due to uneertainties in planct terrain.
Fraurg 24.— Continued.  Probable errors in perigee determination. Perigee range, P, 1; energy, 0.2,
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the sensitivity is small, and the sensitivity varies
inversely with the increment size AR, The error
cocfficient. for the optieal system (fig. 25(c))
varies from 2.7 with .=1.2 radii and AR=1
radius to 325 with R,=100 and AR 10 radii,
with units 1 per radius-radian or escape velocities
squared per radian.  With 40-second-arc measure-
ment accuracy, this represents errors of 0.00054
to 0.065 1/radius (or roughly 10 to 1100 ft/scc
error in  entry  veloeity).  The  sensitivity
(probable error) in energy is relatively small in
comparison with the sensitivity of the perigee
in the effeets on entry conditions.

The crrov cocflicients for energy determination
due to uncertainties in planet terrain are shown
in figure 25(d), and the characteristics are similar
to those of perigee determination (fig. 24(d)),
except that the ecrror coeflicients continue to
decrease as AR increases. The variation with
range for the AR of interest to the multiple-
correction scheme is again about 5 to 2. For
the assumed error of 0.0002 radius, the energy

is determined to an accuracy of 0.00045 per radius
with f2:=1.2 radii and AR=1 radius (7.5 ft/scc).
As indicated previously, this uncertainty is not
an instrument inaccuracy, but is a physical
limitation due to imperfect knowledge of the
planet.

The crror coeflicients for energy determination
due to timing errors (fig. 25(c)) are again con-
siderably smaller than those of the optical measure-
exeept at short The variation
with range is inverted, so that larger uncertain-
ties occur at short range, and the variation with
Al is small at short range and negligible at long
range. The significance of errors in timing is
slight, as indicated by the maximum error co-
efficient of 1.5 for the region of inecrement sizes
of interest to multiple-correction guidance. For
pereent, the expected

ments range,
3

errors of (.01
error in energy is then 0.00015 per radius (roughly
2 fi/sec error in entry velocity for an approach
to Earth).

assumed
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